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Savannas are one of the world’s largest biomes, covering approximately 20% of the earth’s
surface (Scholes 1997). Between 40 and 65% of the African continent is covered by
savanna (Scholes and Walker 1993, Walker and Langridge 1997, Augustine 2003a).
Savannas are highly dynamic, diverse and productive ecosystems (Skarpe 1992, Gillson
2004) and home to a large proportion of the worlds extant large mammals (Lehmann et
al. 2009), especially megaherbivores (Owen-Smith 1988). In South Africa savannas
provide nearly 70% of the nation’s natural resource base and provide an important variety
of ecosystem services including; water supply, forage production, and food and fuel (DAFF
2009). Despite a long history of utilization by humans, the increase in human population
and intensification of agriculture has increased overall pressure on the land. Large areas of
savanna have experienced land use change and intensity (Meyer and Turner 1994, Foley et
al. 2005). At present, African savanna land use is dominated by communally owned
subsistence farming, commodity or commercial farming, and conservation. These different
land uses have incompatible demands and often conflicting management priorities which,
along with fencing, have caused massive fragmentation of savanna landscapes. As human
populations continue to grow, the pressure on savanna landscapes will continue to
increase. In order for conservation areas to protect and preserve the widest range of
indigenous biota, it is important to try to understand the drivers and processes responsible
for maintaining savanna ecosystem function. 
An important aspect for understanding savanna ecosystem functioning is the role of
patchiness or spatial heterogeneity (Levin 1992, Pickett and Cadenasso 1995, du Toit et al.
2003a, Turner 2005). Within the context of this thesis, I am concerned with the spatial
heterogeneity of vegetation. Why are trees, shrubs or different grass patches found in
certain areas and not in others? Heterogeneous or patchy landscapes are generally more
productive, and or diverse, than homogenous ones. This is because more opportunities, or
niches, exist where there are differences in resources. Patchiness also contributes to the
resilience of a system, providing refugia in times of environmental stress. Describing and
understanding the causes and maintenance of vegetation heterogeneity in a savanna land-
scape is the main theme of this thesis.
Issues around heterogeneity cannot be addressed without raising the issue of scale. The
scale at which an investigator examines an ecosystem, or perceives effects, will play an
important role in determining the outcome of a study. For example, a researcher exam-
ining foraging conditions for a solitary invertebrate may consider individual plants as
distinct patches within the landscape, whereas a global study on bird migrations may
consider whole forests, or deserts, that cover vast areas.  The processes that come to bear
on individual plants are likely to be very different to those that affect an entire forest or
desert, as are the time frames in which effects are seen. Therefore, there is a need make
explicit statements of scale in any research addressing issues around heterogeneity
(Ritchie 2010, Levick and Rogers 2011, Chase 2014).  
In savannas, a range of processes and drivers have been identified as important for
shaping vegetation patterns (Fig. 1.1). These have been described as hierarchical and
interlinked; small scale processes drive large scale patterns whilst, at the same time, large
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scale patterns constrain small scale processes (Wu and Loucks 1995, Gillson 2004). Abiotic
factors, such as climate, rainfall and geology, are generally agreed as the large scale drivers
of global to regional gradients (Walker and Langridge 1997, Olff et al. 2002, Bond 2005a,
Sankaran et al. 2005). These are all factors that influence vegetation from the bottom-up,
in terms of affecting resource availability. Other, smaller scale, abiotic factors also play a
role. Topography, hill slope and aspect also affect availability of resources, such as light,
water and nutrients, and therefore conditions for vegetation (Coughenour 1991, Carmel
and Kadmon 1999, Augustine 2003b, Colgan et al. 2012). 
Within the abiotically formed landscape template, consumers, further modify resource
availability on smaller spatial scales. Herbivory has been described as a key driver of vege-
tation heterogeneity (Scholes and Archer 1997, Olff and Ritchie 1998, Knapp et al. 2004,
Sankaran et al. 2005). Herbivores remove standing biomass, which alters plant-plant inter-
actions by reducing dominance, and competition for resources such as light and water.
This may increase species diversity and alter plant communities (Belsky 1992, Augustine
and McNaughton 1998, Bakker et al. 2006). However, herbivore effects on vegetation
depend largely on the tolerance of plant species to biomass removal, and the selectivity
and intensity of their consumption (Olff and Ritchie 1998, Bakker et al. 2006). Sustained
herbivory has been suggested to result in plants being kept in an immature and nutritious
condition and to ultimately select for grazing tolerant, highly palatable, plant species


































Figure 1.1 Abiotic (light grey, black text) and biotic (dark grey, white text) factors that influence
resource heterogeneity. Biotically created structures include things like termite mounds, game paths,
wallows and rubbing posts. Repeated nutrient depositions are things like middens or termite
mounds, whilst examples of individual nutrient depositions are urination or scattered defecations.
Tropics, sub-tropics or temperate climates are examples of broad scale climate whilst annual or
seasonal variations in rainfall are examples of local climate.  
herbivory, there are a number of other, indirect, effects of herbivores on vegetation. The
addition of mineralized nutrients through defecation and urination leads of patches of
more nutritious plant growth, encouraging more herbivory and a feedback cycle for plants
and herbivores (Day and Detling 1990, Augustine et al. 2003, Augustine 2004, Riginos
and Young 2007, Veblen 2012). Trampling leads to compaction of the soil, which also
affects the availability of resources (Schrama et al. 2013), particularly water, and interac-
tions with microbial soil communities (Belsky 1986, Sankaran and Augustine 2004, van
der Plas et al. 2013b). This can have both positive and negative effects on vegetation and
so result in heterogeneity (Liddle 1975, Cumming and Cumming 2003, Schrama et al.
2012, Veldhuis et al. in review, Howison et al. Submitted). Lastly, clearing vegetation may
decrease soil cover (increase bare ground), which increases the potential for erosion, and
alters the microclimate at the soil surface, which may also lead to differential successes of
different vegetation types and, again, result in vegetation heterogeneity (Schrama et al.
2013, Goheen et al. 2014, Veldhuis et al. in review). Depending on the size of the animal,
and or the number of animals that forage together in a group, the scale of these effects on
heterogeneity could be immense (as witnessed with the wildebeest migrations in the
Serengeti), or very localised (as with one duiker in and around it’s central shrub). 
As with herbivory, fire may also be important in shaping savannas. Fire and herbivory
are similar in many ways; both are dynamic processes that respond to primary produc-
tivity, both remove or consume vegetation and transform it to an altered state (Bond and
Keeley 2005). Fire is a non-selective, bulk consumer, affecting areas with dry, high
biomass, whereas herbivores prefer vegetation higher in protein and lower in cellulose and
ligin (Goheen et al. 2014). Often, higher quantities of plant biomass correspond with
lower quality vegetation (McNaughton 1984, Du Toit et al. 1990, McNaughton et al. 1997,
Adler et al. 2001). Therefore, fire and herbivores may ‘select’ and influence different areas
and vegetation structural types, creating heterogeneity in the landscape. The effects of fire
and herbivory also interact (Archibald et al. 2005, Mills and Fey 2005, Sankaran et al.
2008, Levick and Rogers 2011). Intense herbivory, grazing particularly, may have a nega-
tive impact on the spread of fire by reducing the fuel load. Similarly, fire may initially have
a negative effect on herbivores by removing food resources. Following a burn, there are
positive effects for herbivores in terms of new, nutritious, re-growth (Prins and Beekman
1989, Trollope et al. 1998, Archibald and Bond 2004). This re-growth (temporarily)
attracts many herbivores, and may spatially disperse foraging effort. This may result in a
reduction of vegetation heterogeneity as patches with short species previously maintained
by herbivores, no longer experience the feeding intensity required to keep taller species
from taking over (Archibald et al. 2005, Archibald 2008). 
Areas that attract herbivores such as grazing lawns (see vegetation section for a defini-
tion) are hotspots of biotic activity in the landscape (Augustine et al. 2003, Archibald
2008, Cromsigt and Olff 2008b, Arnold et al. 2014). Their occurrence can be influenced by
both abiotc (bottom up) and biotic (top down) factors. These hotspots are generally areas
with higher nutrient availability either in the soils and/or in the vegetation (Cromsigt and
Olff 2008b, Anderson et al. 2010, Arnold et al. 2014). The resulting higher quality forage
attracts large herbivores that feed on the local vegetation preferentially and can initiate
the feedback cycles which maintain the areas (McNaughton 1988, Cromsigt and Olff 2006,
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Grant and Scholes 2006) as described above. However they may also be influenced by
predation. Herbivores generally avoid areas that they perceive as dangerous or with a high
likelihood of predator attack (Hopcraft et al. 2005, Valeix et al. 2009). This means that
they congregate in areas with higher visibility such as hill crests or short grass patches, and
avoid areas with dense vegetation (Riginos and Grace 2008). Hence the threat of preda-
tion creates heterogeneity in the landscape. Megaherbivores such as white rhino are far
less vulnerable to predation than other herbivores, and hence they are less risk-sensitive.
They can use their surroundings in a spatially repetitive and predictable way that many
smaller bodied herbivores must avoid to escape detection and capture by predators. This
results in site fidelity: white rhino are free to use specific areas regularly, including places
that smaller animals may consider ‘high risk’. This repetitive space use allows megaherbi-
vores to self facilitate by regularly re-grazing areas and maintaining them as nutritious
grazing lawns (Owen-Smith 1988, Arsenault and Owen-Smith 2002) (see white rhino
section below for more details). 
Although mammalian herbivores are the most widely studied and accepted as a major
drivers of savanna vegetation structural heterogeneity (Olff and Ritchie 1998, du Toit
2003, Asner et al. 2009), there is increasing evidence that invertebrate herbivores such as
grasshoppers, or termites, may have an important role to play (Sinclair 1975, Okullo and
Moe 2012a, Stoen et al. 2013). Invertebrate herbivores may have many of the same effects
on vegetation as those of large mammals described above. Indeed some invertebrates such
as grasshoppers, or termites, may be considered competitors of large mammalian herbi-
vores, especially in dry areas, seasons, or years, when primary production is reduced
(Sinclair 1975, Bucher 1987, Walker et al. 1987, Sileshi et al. 2010). Invertebrates may
also interact with plants at earlier life stages, altering the availability of plants to herbi-
vores. For instance, some savanna tree populations are limited by invertebrate seed preda-
tion. Therefore the availability of these species to herbivores is limited at a stage before
herbivory is possible (Davidson 1993). Termites and grasshoppers can be considered the
most important, and numerous, invertebrate herbivores in savannas (Andersen and Lons-
dale 1990). However they may have very different impacts on vegetation. Termites are
social insects living in colonies of many thousands, if not more, individuals. These insects
are essentially central place foragers, returning from their food source to their nest with
forage, or building a nest within their food source. Either way their effects are concen-
trated around a central point. Grasshoppers are not generally social and do not have a
fixed nest, therefore their foraging and feeding effects maybe more diverse and diffuse
than social insects. The exception to this maybe swarms of locusts that may exert consider-
able influence on the vegetation landscape. As a result, social insects are expected to have
the highest impact on vegetation heterogeneity. 
Like white rhino, termites could be considered relatively free from predation, especially
when compared to other insects of similar body size. This is due, in part, to their colonial
nature and to cryptic foraging habits. Some termite species also have chemical defences,
effective against both invertebrate and mammalian predators (Emerson 1961, Sheppe
1970, Kruuk and Sands 1972). Mound building termites may be considered an easier
target than more cryptic species since their mounds mark out the location of the colony.
However very few predators are able to breach these defences. The Aardvark that
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specialises on termite and ant feeding, is the only African species known to be capable of
breaking open Macrotermes mounds. Aardvark are considered relatively rare in the land-
scape (Freitag and Van Jaarsveld 1997) and scarce dietary data for aardvark suggests that,
for much of the year, they feed on ants that are less well protected (van Aarde et al. 1992,
Taylor et al. 2002). However, even with their effective predator defences, termites have
been shown to be predator averse, taking longer to colonise food items with predators
present, even when the item offered is large or of high nutritive value (DeSouza et al.
2009). Despite this the large numbers of termites that makeup a colony offers a consider-
able buffer against predation of a few foraging individuals. This freedom from predation
may allow termites, like megaherbivores, to continually operate in the same areas, over
considerable periods of time, and hence modify their environment creating areas with high
resource quality and high visibility. In this way termite and rhino facilitate for smaller
bodied mammalian herbivores, as has been shown for elephants (Valeix et al. 2011).
Essentially then, termites and megaherbivores could be said to shaping not just the vegeta-
tion landscape but also the distribution of herbivores – that have themselves been
described as being key to savanna heterogeneity and ecosystem functioning.
Vegetation structural types
In this thesis I define vegetation heterogeneity in terms of vegetation structural types with
associated differences in species composition. Savannas are made up of a mosaic of woody
plants and grasses which clearly defines the first 2 groups of vegetation structural types.
The question of how woody species and grasses coexist in savannas has been the topic of
many debates (Scholes and Archer 1997, Higgins et al. 2000a, Jeltsch et al. 2000,
Sankaran et al. 2004, Ward et al. 2013). A classic explanation is the two-layer hypothesis
as proposed by Walter in 1939 (in Ward et al. 2013). This theory suggests that grasses root
in relatively shallow soil and therefore acquire their water from top soil layers, whereas
trees root in much deeper soil layers (Ward et al. 2013). This suggests that in arid condi-
tions grass roots will take up all available moisture from short rainfall events before it can
penetrate deeper soil layers and reach tree roots. As rainfall events become longer and
more intense however, and not all precipitation can be used by the grasses, some water
reaches the tree roots and therefore tree densities increase with increasing mean annual
rainfall (MAP). In addition, there will be a temporal effect in that the top soil layer dries
out more quickly while the deep soils contain water much longer after rain allowing trees
to obtain water longer in dry periods than grasses. This hypothesis has been found to
acceptably predict tree-grass co-existence in arid savanna, but does less well in more mesic
savanna conditions (Ward et al. 2013). This may be due to the fact this hypothesis does
not allow for the role of disturbance factors, such as fire or herbivory. 
Other authors have addressed the tree-grass coexistence in relation to rainfall but with
the addition of disturbances. Savannas have been broadly split into ‘stable’ and ‘unstable’
areas based on MAP (Bond 2005a, Sankaran et al. 2005). In stable or semi-arid systems
(MAP~<650 mm/yr), low water availability limits woody species seedling establishment
and recruitment events, and therefore, woody plant cover (Wiegand, Saitz et al. 2006;
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Joubert, Rothauge et al. 2008). Under these circumstances tree-grass coexistent is not
dependent on disturbances to limit either group from dominating. In unstable, or mesic
savannas, (MAP ~>650 mm), woody plants are no longer water limited. This means that
the coexistence of a grass layer depends on disturbances to the woody layer (Sankaran et
al. 2005). Disturbances such as fire and herbivory create a recruitment bottleneck in the
woody layer, preventing saplings from becoming adult trees, and therefore forming a
closed canopy woodland or forest (Higgins et al. 2000a). Empirical work has shown that
woody plants that manage to grow beyond 3 m have mostly escaped from the control of
grassland fires (Trollope et al. 1998, Higgins et al. 2000a), and browsing mammals (Du
Toit et al. 1990). Hence, different forces may affect the survival of woodland patches with
trees above 3 m than shrub patches. For example: fire and herbivory influence the shrub
patches, whilst abiotic factors, such as water availability, influence trees (Sankaran et al.
2005). Therefore, I argue that this results in 2 functionally different woody structural vege-
tation types that I address in this thesis; shrub patches (woody plants <3 m tall) or tree
patches (woody plants ≥ 3 m tall). Although it is possible that one species may occur in
both groups, the groups generally are generally dominated by different species.
At the grass level there is another clear separation in structure of grass patches that
represent two functionally different vegetation types, with different species composition.
Intense grazing may create lawns of short statured, high quality grasses. Initially these
areas may be made up of tall statured species grazed short and maintained in a juvenile,
nutritious form (Owen-Smith 1981, Archibald and Bond 2004). However, these tall grass
species are generally intolerant of heavy grazing pressure. Over time, continual biomass
removal results in them being unable to replenish root reserves and they die off
(Coughenour, 1985; Augustine and McNaughton, 1998). In their place come short
statured grass species, which form distinct vegetation patches known as grazing lawns
(Vesey-Fitzgerald 1960). These species are able to quickly colonise disturbed patches,
especially in the presence of high nutrients, yet without the continued presence of grazers
these lawn areas are invaded by bunch grasses that shade out the lawn species
(Coughenour 1985, Huisman and Olff 1998, van der Plas et al. 2013b). Established lawns
host not only a specific community of grasses, but also other groups of animals from inver-
tebrates to birds (Krook et al. 2007, Mgobozi et al. 2008). They also affect fire as discussed
previously, another important driver of savanna heterogeneity. Lawns, partly because of
the heavy grazing pressure, and partly due to the grasses growth forms which do not build
up any fuel load. Therefore, unlike bunch grasses, they do not carry fire (Archibald 2008,
Waldram et al. 2008, Archibald et al. 2009). Hence, there are two functionally different
structural patches in the grass layer: lawns and bunch grasses that can coexist in relatively
fine-grained mosaics.
Mega vs micro herbivores
Ecosystem engineers are species that cause physical state changes in abiotic or biotic mate-
rials and thereby modify resource availability for other species(Jones et al. 1994). Often
these state changes result in positive feedbacks for the engineer in ways other than by
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consumption of food resources (Jones et al. 1994). Both rhinos and termites can be consid-
ered ecosystem engineers in savanna systems (Owen-Smith 1988, Eggleton et al. 1996,
Lavelle et al. 1997, Waldram et al. 2008). Below I describe the animal subjects of this
thesis, the way in which they can be considered ecosystem engineers, some of their impor-
tant characteristics, and their potential impacts on the environment. Both rhinos and
termites have been specifically mentioned as key drivers of ecosystem functioning in
savannas (Owen-Smith 1988, Jones et al. 1994, Lavelle et al. 1997, Waldram et al. 2008,
Jouquet et al. 2011, Cromsigt and te Beest 2014b). Yet there has been no attempt to
directly compare the effects of these mega and micro ecosystem engineers. 
White rhino as sources of heterogeneity
White rhino are the world’s largest, extant, pure grazers. Because of their exceedingly
large body size, rhino, like other megaherbivores, are largely free from predation (1988).
Therefore, unlike smaller bodied creatures, their populations are not subject to top down
controls, but are limited by bottom up factors such as food availability. Their freedom from
predation also means that megaherbivores are free to follow predictable patterns of behav-
iour, and space use, which smaller bodied animals have to minimise to avoid detection
and capture. It has been argued that this is the reason for their relatively small home
ranges (Owen-Smith 1988), with core home range for rhinos in iMfolozi Game Reserve
being 4 – 6 km2 (White et al. 2007). For comparison: Buffalo home ranges are 60 to 1,455
km2, Zebra 49 –156 km2, Impala 0.8 – 1.8km2, (Skinner and Chimimba 2005 and refer-
ences therein). In white rhino, both sexes show home range fidelity, but only dominant
bulls are territorial (Estes 1991). They defecate on piles of dung known as middens.
Although territorial males use these middens to mark the boundaries of home ranges,
female and non territorial males also defecate here (Owen-Smith 1981). The consequence
of continual defecation on middens is the creation of a nutrient hotspot, with conse-
quences for the surrounding vegetation. 
Another effect of rhino large body size is the physical impact they can exert on their
surroundings, directly, through the consumption of the large amounts of food required to
sustain them, and indirectly. Their large body size means that they trample a greater area
of ground than smaller animals (Cumming and Cumming 2003), this effect is
compounded by the repetitive re-use of the same space. The predictable behaviour, high
per individual resource use, and exaggerated physical effects of their movement (tram-
pling etc) mean that rhino are likely to have a disproportionately large effect on shaping
the landscape (Owen-Smith 1987). In addition, white rhino biomass accounts for approxi-
mately 25% of the large mammal biomass present in the park, which means their effects
are likely to be even more important in shaping the landscape. For example, white rhino
also spend a considerable portion of their day cooling in mud baths, known as wallows
(Owen-Smith 1988). Wallows are often ringed by a bare area and outside that a short
grass area (Waldram et al. 2008). Leading to and from middens, wallows and feeding
areas are clearly visible, bare paths. The paths often follow topographical contours and are
well used by other species from buffalo to baboons (personal observation). These tram-
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pled ‘highways’ form a complex network across the landscape that affect the space use of
many different species.
The digestive system of rhino also plays an important role in the ways rhino shape the
vegetative landscape. Hindgut fermenters, in contrast to ruminants, retain food in their
digestive system for a (relative to their body mass) short time before it passes through.
This means that fewer nutrients can be extracted within the period of digestion. To
compensate for this hindgut fermenters need a higher daily intake rate, and thus must
spend longer feeding. However, the extremely large body size of rhino means that they do
not have enough time to ingest enough food to entirely meet their nutritional require-
ments when the food is of very low quality. Therefore, rhino need to feed, at least in part,
on relatively high quality grasses (Owen-Smith 1988). They also have a large square
mouth which means they can not feed as selectively, on individual, nutritious plant parts,
as smaller mouthed herbivores. Rhino facilitate for their nutritional requirements, and
compensate for their mouth shape, by creating and maintaining grazing lawns. These
areas are composed of particular species of lawn grasses that are of, generally, higher
nutritional quality than bunch grasses (see vegetation descriptions above for more
details). Because of their growth form, all plant parts are nutritious (when compared to
the tough stems, or senescent leaves, of bunch grasses) and hence rhinos negate the need
for selective grazing on particular parts of the plants. By repetitively grazing and re-
grazing areas within their home ranges, rhino create and maintain their a valuable part of
their food supply (Downing 1972, Owen-Smith 1981). In the absence of grazing pressure
these grazing lawns maybe invaded and shaded out by bunch grasses. In productive, mesic
savannas, where growth rates of grasses are high, it has been suggested that rhinos maybe
the only herbivores capable of sustaining sufficient grazing pressure to maintain such
lawns (Waldram et al. 2008, Cromsigt and te Beest 2014b).
Termites as sources of heterogeneity
Invertebrates can have a significant effect on their environment, especially on soils
(Lavelle 1997). Different groups have been shown to increase plant productivity, accel-
erate nutrient cycling, and improve soil chemical and physical characteristics (Anderson
1988, Stork and Eggleton 1992, Belovsky and Slade 2000, Jouquet et al. 2006, Lavelle et
al. 2006). Termites have been found to be particularly important in shaping savanna soils,
water availability and vegetation patterns (Arshad 1982, Mando and Miedema 1997, Fox-
Dobbs et al. 2010, Jouquet et al. 2011, Abe et al. 2012, Okullo and Moe 2012b). 
Termites (with their mutualistic microbes) have been described as the most influential
decomposers in savannas. They are able to dominate in arid environments where other
decomposers become water limited (Yamada et al. 2007). They are also more mobile, and
have a higher biomass than other decomposers. Their classification as only detritivores or
decomposers can, however, be a little misleading (e.g. Korb and Linsenmair 2001b,
DeSouza et al. 2009, Jouquet et al. 2011). There are 4 feeding groups of termites; lower
termites that harvest (mostly) dead wood and grasses; higher termites (Family Termi-
tidae) that feed on a range of  materials including wood, grass, leaf litter, and micro-
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epiphytes; Termitidae that feed in the organic rich upper layers of the soil; and lastly true
soil-feeders (Donovan et al. 2001). The latter 2 groups may reasonably be termed detriti-
vores. However, the first 2 groups collect and breakdown plant material which they partly
digest with the aid of gut microbes.  These termites, like mammals, are in fact pre-proces-
sors for the true detritivores, bacteria and fungi, and so may also be grouped with the
herbivores. Many species of termites carry symbiotic bacteria in their gut, providing them
with a food supply and suitable, homeostatic, environment when the conditions in the
wider environment may not be favourable. Not only does this contribute to decomposi-
tion, the gut microbes of termites can also contain nitrogen fixing bacteria, which can
contribute significantly the ecosystem nitrogen budget (Tayasu 1998). In return, the
bacteria digest lignocellulose that the termites inges, and the termites absorb the end
products (Brune 2014). This allows them to gain nutriment from food sources both inac-
cessible and indigestible to other animals. Amongst the higher termites (Termitinae), the
subfamily Macrotermitinae provide a homeostatic environment, and build a structure, the
fungal comb, on which they cultivate fungi. This fungal comb is constructed from termite
faeces on which the fungus feeds. The termites then harvest the nutrient enriched fungal
matter (Wood & Sands 1978, Deshmukh 1989, Bignell & Eggleton 2000, Traniello &
Leuthold 2000). 
Termites are extremely abundant, with biomass estimates, in savannas, matching  that
of all large herbivores combined (Ferrar 1982c, Deshmukh 1989). In addition, allometric
principles cause them to consume much more food per unit biomass than larger animals.
As a result, it is likely that they consume as least as much, if not more, plant material than
all other detritivores, mammalian herbivores, and or fire (Moe et al. 2009b). They also
affect the spread and distribution of fires by reducing fuel loads (Collins 1981). Their large
rate of consumption can also lead to competitive interactions with mammalian herbivores
(Uys 2002, Okullo and Moe 2012b). Alternatively their effect on soils, fire and removal of
senescent plant material may facilitate for large herbivores by improving the diversity,
productivity and/or quality of plant material available. Since both fire and large herbivores
have been repeatedly described as important drivers of savanna heterogeneity (e.g. Hobbs
1996, Augustine and McNaughton 1998, Archibald et al. 2005, Bond and Keeley 2005,
Goheen et al. 2014), it is likely that termites in competing with, and influencing, both
these factors, may be at least equally important (Sileshi et al. 2010).
Termites live in colonies of several hundred to multiple millions of individuals. Their
large colonies offer some protection from disturbances from adverse environmental condi-
tions and or predators. To limit exposure to predators and adverse conditions (for instance
most species are unpigmented and so are very sensitive to direct sunlight), most termites
forage either under the soil surface, or the construct soil covered runways to, and around,
food items. Tunnelling and burrowing activities to construct nests, and or find food,
increase water infiltration rates, aerate soil, break up soil particles and surface crust,
reduce surface run off, mix soil layers and increase levels of soil organic mater (Lepage et
al. 10 A.D., Anderson 1988a, Anderson 1988b, Abbadie & Lepage 1989, Valentin et al.
2004, Jouquet et al. 2005). The cryptic habits make many termites difficult to study.
However, some species of termites build large and conspicuous mounds, or termitaria.
These termitaria, are a major source of functional heterogeneity in the savanna landscape
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(Konate et al. 1998, Levick et al. 2010b), they provide important refuges for mammals,
birds, reptiles, amphibians and a wide range of invertebrates (Traun & Perry 1998), often
have a distinctive vegetation communities (Lee and Wood 1971, Arshad 1982, Pomeroy
1983, Van der Plas et al. 2013a) and the construction materials contain many mineral
nutrients, such as N, P, K, Ca, Na, Mg in higher or lower concentrations than in the
surrounding soils (Maduakor et al. 1995,Rogers et al. 1999,Jouquet et al. 2005). 
Despite the growing evidence about the importance of termites in many aspects of
savanna functioning, few studies have examined their influence in creating structural vari-
ation within the vegetation landscape as a whole. Most studies have concentrated their
efforts on looking at soil modifications or, at best, one specific vegetation aspect (Bagine
1984, Jouquet et al. 2004a, Jouquet et al. 2005a, Abe et al. 2012, Davies et al. 2014b,
Joseph et al. 2014). Also, very few studies have compared impacts of different termite
genera. Yet many authors over generalize ‘termite effects’ across a vast range of different
termite species with hugely different effects (Jouquet et al. 2004a). This thesis examines
the effects of three different types of mounds, built by three termite genera, on structural
vegetation types and plant species diversity, across a range of scales. The focus is on large
and ubiquitous mounds in HiP, built by Macrotermes, Odontotermes, and Trinervitermes, as
these are expected to have the largest impact on vegetation heterogeneity.
Comparison between rhino and termites
While the comparison of the impacts of white rhino and different termite genera may not,
at first, seem appropriate I contend that there may be many similarities between these two
ecosystem engineers, making the comparison both useful and relevant in contributing to a
greater understanding of savanna heterogeneity. As described above, both white rhino and
termites may occur in the landscape at large, and potentially similar, biomass densities.
Also, both groups have strong local effects associated with a high site fidelity, and their
effects may persist for similar time periods. In the same way successive generations of
termites re-colonise termitaria (Darlington 1984, Pomeroy 1976), incoming rhino make
use of pre-existing home ranges and associated features, with all paths, wallows and
middens already in place (Shrader and Owen-Smith 2002). This successive use may result
in rhino and termite created infrastructure persisting and being continuously re-enforced
in the landscape for a considerable length of time (+/– decades or longer) (Watson 1967,
Pomeroy 1977). For both species, this is possible because they are relatively insensitive to
predators; for white rhino due to large body size, and for termites due to their social
system and role of the mound as a defensive structure. In addition, the disturbances that
rhino and termites create through their foraging behaviour, and deposition of digested
material (concentrated in mounds and middens), is of a similar spatial extent (Darlington
1982, Cromsigt and Olff 2008b) and might, therefore, result in a similar impact on the
vegetation structure. Grazing by both rhinos and termites may promote the spread of
nutritious grass re-growth (Coughenour 1985, Jouquet et al. 2004a) and, under sustained
grazing pressure, facilitate and maintain the spread of grazing tolerant lawn grass species
over otherwise dominant bunch grasses (McNaughton 1984, Coughenour 1985, Okullo
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and Moe 2012b, Davies et al. 2014b). In addition, reduced biomass around mounds and
rhino infrastructure may mediate the effects of fire in similar ways, by lessening fuel loads,
encouraging the presence of fire sensitive plant species (Moe et al. 2009b, Joseph et al.
2013, Van der Plas et al. 2013a) and or freeing trees from the ‘fire trap’ enabling them to
reach mature heights and canopy spread (Higgins et al. 2000a, Joseph et al. 2013).
In contrast to their potentially similar effects, the physical impacts of rhino and
termites could also be quite different. The large foot size, and constant foot passage of
rhino, trample and compact the soil (Cumming and Cumming 2003). On the contrary,
termites tunnel through the soil and import fine particles, breaking up compacted soils.
These opposing mechanical impacts may lead to contrasting impacts on vegetation struc-
ture. A novel aspect of several aspects in this thesis is the direct comparison of mega- and
micro- herbivore effects on the vegetation structure. Whilst both have been presented as
important ecosystem engineers, the questions as to which is more important/effective, and
how they interact in the landscape, are interesting one to address.
Study site
HiP, is situated in the east of South Africa, in KwaZulu-Natal occupying an area of 96 000
hectares. It is located in the foothills of the South African escarpment to the south west of
the Lebombo Mountains. The altitude ranges from 750 m in the north of the park, to 60m
above sea level in the south. There is a strong rainfall gradient (Fig. 1.3), closely correlated
with the altitudinal range, from 670 – 1594 ml/yr in the highest areas in the north to
333 – 1127 ml/yr in the lowest areas in the south (Pattenden 1988, Balfour and Howison
2001) (Fig. 1.2). This means that HiP spans the gradient from unstable mesic, to stable
semi-arid savannas across a distance of only 30 km. The topography is highly variable over
small distances from steep sided hills and gorges, to rolling hills and floodplains around
broad river basins. There are 3 major rivers in the park, the Hluhluwe, the Black- and the
White iMfolozi. All 3 rivers flow seasonally and are reduced to disjointed pools in the dry
periods of the year. In addition to the rivers there are numerous ephemeral pools
throughout the landscape (often very old wallows created and maintained by large herbi-
vores) that hold water from weeks to months following rain. The majority of the rain falls
in the wet season, during the hottest part of the year between October and March. During
the humid summer months temperatures regularly reach 40ºC (mean 33, range 15 –
42ºC). The coldest time of year is June and July, when night time temperatures may drop
below 10ºC (mean 18, range 4.9 – 29.2ºC). (Waldram et al. 2008).
HiP is characterised by a highly heterogeneous mosaic of grasslands, thickets and
Acacia and broad-leaf woodlands and therefore suitable for the study of drivers of spatial
heterogeneity in the vegetation at different scales. The highest hills, in the north host fire
sensitive, closed canopy forests, whilst the southern plains are characterised by open
woodlands of arid savanna species. There are over 1250 plant species recorded in the park,
with almost 400 of them trees and shrubs and a further 150 grasses (Conway et al. 2001).
The grasses are broadly grouped in to tall, bunch grasses and short statured and or stolo -
niferous lawn grasses. The most common bunch grasses species are Themeda triandra,
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Figure 1.2 Map showing the location of Hluhluwe iMfolozi park within South Africa and the eleva-
tional gradients within the park.  
Figure 1.3 Map showing the rainfall gradients within HiP. The rainfall is calculated using a 4 point
kriging method, from data collected at 17 sites throughout the park, over the period 2000-2007.   
Sporobolis pyramidalis and Eragrostis curvula. These tall grasses dominate and generate
high fuel loads, and hence are subject to frequent fires, up to annual or biannual return
intervals (Balfour and Howison 2001, Archibald et al. 2005). The short grasslands, often
referred to as lawns, tend to be characterised by grasses with a lower C:N ratio than the
tall grasses (Stock et al. 2009), making them more palatable to most mammalian herbi-
vores, but with a much lower standing biomass. Here Urochloa mosambicensis, Digitaria
longiflora, Sporobolis nitens and Dactyloctenium australe dominate (Cromsigt 2006,
Waldram et al. 2008).
Along with the high plant diversity, HiP also has a high diversity of fauna. As in most
areas, the extent of the invertebrate diversity in HiP is not well studied. However, there
have been records of several species endemic to HiP (Doube 1983, Rivers-Moore &
Samways 1996, Samways & Kreuzinger 2001, Hamer & Slotow 2002). There are a large
number of small mammal, reptile, and amphibian species, more than 400 birds and a full
compliment of large carnivores present in HiP (Whateley & Brooks 1985, Bourquin et al.
1971, MacDonald & Birkenstock 1980, Howells 1987, Skowno & Bond 2003). Densities of
large herbivores are amongst the highest in any African ecosystem (Cromsigt and Olff
2006, Waldram et al. 2008). There are 22 species of ungulate, among which are 5 mega
herbivores. These are species typically attaining an adult body mass in excess of 1 mega-
gram/1000kg (Owen-Smith 1988) and include; African elephant (Loxodonta Africana),
hippopotamus (Hippopotamus amphibious), giraffe (Giraffa camelopardalis), and both
white (Ceratotherium simum) and black (Diceros bicornis) rhinoceros.  The best studied
megaherbivore, in terms of ecosystem impacts, are elephants (see Kerley et al. 2008 for a
review), in comparison the other 4 species have received little attention (Cromsigt and te
Beest 2014b). 
Hluhluwe iMfolozi Park (HiP) has a long and important history in African conserva-
tion, especially in regards to white and black rhino conservation. It is one of the oldest
parks in Africa. The original parks of Hluhluwe and uMfolozi (recently renamed iMfolozi)
were proclaimed as game reserves in 1895 (McCracken 2008). They were joined by a
corridor area in the 1950’s and managed, and protected, as one conservation area since
then (Brooks et al. 1983). The early proclamation of Hluhluwe and iMfolozi means that
these landscapes have not been farmed, and have been managed for conservation
purposes. Many mammal species currently present in the park have been (re)introduced
over the last century. However, rhino have had an unbroken presence in the area
throughout its history. Although continuously present their population has not remained
constant. In the mid 1800 European hunters arrived in the area. Rhino numbers prior to
their arrival are not known. Derived from contemporary population sizes and the extent of
the area they occupied at the time there may have been around 4000 rhino. After prolific
hunting in the area, by 1916, white rhino numbers were estimated to be as low as 40 indi-
viduals (Vaughan-Kirby 1916). Since then careful protection and management allowed
numbers to increase to approximately 3000 individuals in the 1980s, and meant that the
park was the main source of rhino used in repopulating other areas that had be decimated
by hunting. The modern population, whilst still used as a source of live animal removal, is
maintained at approximately 2000 individuals. This population level has been maintained
for at least the last 40 years (Owen-Smith 1981). This is the highest density of wild
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roaming rhino anywhere in the world. Although many other reserves have wild roaming
rhino they are far from the full population potential of the area and or have only recently
been reintroduced (Cromsigt and te Beest 2014b). Therefore HiP is the best location in the
world to study the impacts of these megaherbivores as ecosystem engineers.
The age, and history, of HiP make it an ideal study system for contemplating the causes
of heterogeneity. It is topologically diverse, and spans the rainfall gradient from semi-arid
‘stable’ savannas in the south, to mesic ‘unstable’ savannas in the north. Therefore, the
contribution of multiple abiotic factors to vegetation heterogeneity can be examined
within the same ecosystem. It also hosts a high diversity and density of large mammals
including, as has been mentioned, the world’s highest densities of rhino. This makes it
ideal for considering the impacts of these megaherbivores on the vegetation landscape.
Vast areas of Africa have been fragmented with only small, isolated, conservation areas
remaining. This makes the examination and experimental manipulation of well studied,
smaller conservation areas such as HiP all the more important. 
Thesis outline
The aim of this thesis is to explore the contribution of biotic agents to vegetation hetero-
geneity in Hluhluwe iMfolozi Park (Fig. 1.4), specifically the 4 structural vegetation types
defined above; lawn grasses, bunch grasses, shrubs and trees. The focus of this thesis is on
two very different ecosystem engineers, that we hypothesise may have similar environ-
mental effects; white rhino, and 3 genera of mound building termites (Macrotermes, Odon-
totermes and Trinervitermes). This work is novel for several reasons. Although rhino are
widely cited as important ecosystem engineers, relatively few studies have documented
their effects on vegetation (Owen-Smith 1981, Waldram et al. 2008, Cromsigt and te Beest
2014b). There is only one other study that explicitly studies their indirect effects (Waldram
et al. 2008), and this thesis is the first to document the density and impacts of rhino
middens. This study is also unusual its simultaneous consideration of mounds built by
multiple termite genera. Lastly, and perhaps most importantly, this study is novel in its
direct comparisons of mega and micro herbivore impacts on vegetation heterogeneity. 
As described above, large scale heterogeneity is often attributed to abiotic drivers,
whilst smaller scale patchiness is attributed to biotic factors. In addition, within both the
abiotic and biotic factor groups there are expected hierarchies between drivers, for
example, within the biotic group large mammals affecting a larger area within which
termites may have an effect. In chapter 2 I test these assumptions across 4 spatial scales
(0.0025 km2, 0.01 km2, 0.0625 km2 and 0.25 km2). I consider the effects of a range of
abiotic factors, from mean annual rainfall and geological substrate, to various local topo-
graphic conditions on vegetation structural heterogeneity. Similarly, the effects of different
biotic drivers, including termite mounds and rhino infrastructure were also considered.
This is achieved by mapping these features in 10, 1x1km, blocks located throughout HiP.
Blocks were mapped at 50x50 m grid cell size and data aggregated to examine relation-
ships at larger scales. I examine relationships between the different vegetation structural
types and the abiotic and biotic factors combined, and as individual drivers.
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Following on from chapter 2, chapter 3 asses the influence of termites, and rhino, on vege-
tation at a finer scale. The aim of chapter 3 was to identify, and quantify, the effects on
vegetation of nutrient hotspots created by both white rhino and the 3 mound building
termite genera. I quantified and compared the effects of white rhino middens, and mounds
(described collectively as ‘features’), on the surrounding vegetation structure and species
diversity. 3 replicates of each feature type were located in 10 sites across HiP. Vegetation
was described and herbivore dung recorded within 1x1m quadrats, laid out in transects
leading away from the features, and in the background savanna matrix. The vegetation
structure, species diversity, and amount of herbivore dung, in each position along the tran-
sects were compared to identify any effects and their extent of such effects for each of the
4 features.  
Chapter 4 was designed to identify the mechanisms through which termites create the
patterns observed in the previous chapters. The erosion of soils with high nutrient content
has been suggested as one way in which termite mounds may influence the surrounding
vegetation. We hypothesize that the importance of this erosion varies with termite genera,
depending on feeding strategy and mound type. To test this we simulated erosion by
applying mound soil from 3 termite genera (Macrotermes, Odontotermes and Triner -





































Figure 1.4 Illustrating the questions addressed in this thesis and how they fit together in a broader
context. The numbered boxes indicate chapter numbers and topics.  
experiment. The soils were analyzed for nutrient content and texture before being used. In
the greenhouse, we performed a bioassay comparing the growth of a common lawn (Digi-
taria longiflora) and bunch grass (Sporobolus pyramidalis) in these soils. In the field exper-
iment, these soils were applied to the soil surface, in replicate blocks, arranged in a Latin
square design. The vegetation and presence of herbivore dung in these blocks was identi-
fied, and measured, before the soil application, and for 1 year after. This was done to
detect and compare any change in vegetation structure or species composition in the plots.
Having investigated the nature, extent, and mechanisms of termite mound effects on
vegetation in the previous chapters, the last data chapter (chapter  5) seeks to identify
factors that may be important in predicting where termites are likely to be most active. In
this study, we examined the interactive effects of rainfall, vegetation structure, large herbi-
vore presence, and soil physical factors on termite activity across a range of scales (1x1 m,
14x34 m and 100x100 m). We used removal of grass bait from litter bags as a proxy for
termite activity at 10 sites along a rainfall gradient in HiP. 5 sites were situated within long
standing large herbivore exclosures and 5 in open savanna. We used 2 different species of
grass as bait, differing in nitrogen content, to test for termite food preferences, and placed
the bait bags in a grid of 15 bait points per site.
Each of the previous chapters have been prepared as independent manuscripts, the
final chapter is a synthesis of the results found in all the previous chapters. I compare and
contrast the findings of the various chapters, identifying areas in which the findings
support or differ from each other. I also discuss how these findings relate to existing litera-
ture. I attempt to outline the contribution of this thesis towards understanding the roles,
and importance, of white rhino and different mound building termites in creating and
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Mesic savannas are defined by a heterogeneous mix of different vegetation
structural types. The cause and maintenance of this heterogeneity has been
attributed to a number of different, but interlinked, drivers across a range of
scales. These drivers can broadly be grouped into either abiotic factors that
influence plant abiotic stress and resource availability, versus biotic factors that
create disturbances or influence plant competitive interactions. It has been
widely assumed that abiotic factors create large scale templates within which
biotic factors drive smaller scale pattern (thus a spatial and causal hierarchy
from abiotic to biotic factors in driving vegetation structure), but this is rarely
explicitly tested. 
We test the scale-dependency of abiotic and biotic factors in affecting the
spatial distribution of 4 vegetation structural types (trees, shrubs, bunch and
lawn grasses) in a South African savanna, across 4 spatial scales (0.0025 km2,
0.01 km2, 0.0625 km2 and 0.25 km2). A range of abiotic factors are consid-
ered, from mean annual rainfall and geological substrate, to various local topo-
graphic conditions. Similarly, we consider the effects of different biotic drivers;
termites, large herbivores and fire. We argue that burning (after the initial
spark that starts it) can be viewed as functionally similar to decomposition or
herbivory, in breaking down, removing and altering plant biomass, and should
therefore be grouped with biotic processes.
We found that biotic and abiotic factors were equally important in explaining
the distribution of the different vegetation structural types across scales. We
also found that shrub and tree cover were better explained by both abiotic, and
biotic, factors than lawn and bunch grasses, irrespective of spatial scale. With
regard to specific predictors, rainfall and large herbivores did not feature as
strong predictors of any of the vegetation structural types, contrary to expecta-
tion from the general literature, where both feature as key factors in struc-
turing savanna ecosystems. In our study the presence of termite mounds was
the strongest single preditor for vegetation structure, with additional impor-
tant effects of fire frequency. 
We discuss the possible explanations of these results by illustrating the
complexities of abiotic/biotic interactions and conclude that there is a strong




Savannas are characterised by mosaics of short and tall grasslands, interspersed with tree
or shrub patches. The cause and maintenance of vegetation structural heterogeneity can
be attributed to the availability of resources such as water, light and nutrients. These
resources are affected by a number of different, but interlinked, factors across a range of
scales (Scholes and Archer 1997). On an approximate, decreasing, spatial scale rainfall,
geology, elevation, soil nutrients, fire, large herbivores and invertebrates have all been
proposed as drivers of these vegetation mosaics (Dublin et al. 1990, Belsky 1992, Scholes
and Archer 1997, Archibald et al. 2003, Sankaran et al. 2005, Okullo and Moe 2012b) (Fig
2.1). These drivers can largely be grouped into 2 categories; abiotic or resource factors,
and biotic or consumer factors. 
Abiotic factors are thought to create the large scale template within which the biotic
agents drive smaller scale patterns (Wu and Loucks 1995, Bailey et al. 1996, Gillson
2004). At landscape scales, mean annual rainfall has been shown to be important in
creating patches of different vegetation structural types in the savanna biome, from wood-
land savannas in higher rainfall areas to open grasslands in the more arid conditions
(Sankaran et al. 2005, Dohn et al. 2013). On a similarly large, landscape scale, the  geo -
logical substrate from which the soils are derived, determine much of the nutrient avail-
ability for plants (Walker and Langridge 1997), and therefore influence vegetation

































Figure 2.1 A proposed broad framework of abiotic (light grey, black text) and biotic (dark grey,
white text) factors that influence resource heterogeneity. Biotically created structures include things
like termite mounds, game paths, wallows and rubbing posts. Repeated nutrient depositions are
things like middens or termite mounds, whilst examples of individual nutrient depositions are
urination or scattered defecations. Tropics, sub-tropics or temperate climates are examples of broad
scale climate whilst annual or seasonal variations in rainfall are examples of local climate.  
structural types. Within climatic and geological zones, topographic variation such as eleva-
tion, slope or aspect, alter water and nutrient availability at more local scales (Asner et al.
2009, Levick et al. 2012).
Within these abiotic templates, disturbances created by a range of consumers or biota
have been shown to influence the success of different vegetation structural types
(Archibald 2008, Sileshi et al. 2010, Cromsigt and te Beest 2014b). Fire and herbivores
have been cited as important biotic drivers, creating disturbances and consuming large
amounts of primary production, shaping vegetation structural heterogeneity (Skarpe
1992, Higgins et al. 2000b, Bond and Keeley 2005, Asner et al. 2009). Fire and herbivory
are similar in many ways; both are dynamic processes that respond to primary produc-
tivity, both remove vegetation and transform it to an altered state (Bond and Keeley 2005).
Because of these similarities, we group fire with the biotic factors from here forward.
Despite their similarities fire and herbivores vary in their ‘food’ preferences. Consumer
effects on vegetation depend largely on the selectivity and intensity of their consumption
and the tolerance of the plants to biomass removal (Olff and Ritchie 1998, Bakker et al.
2006). Fire is a non-selective consumer, present in areas with high biomass, usually of
lower nutritional quality. It ‘consumes’ nitrogen and deposits carbon in its wake. In
contrast, mammalian herbivores are largely selective consumers, usually preferring vegeta-
tion higher in protein and lower in cellulose and ligin (Bond 2005b), leaving nitrogen, and
other mineral rich deposits post consumption. These different modes of consumption
potentially lead to different scales of operation, with fire operating on a larger scale than
most herbivores (except very large herds). Moreover, the different ‘food’ preferences and
deposits result in a high contrast in nutrient availability and therefore may maintain
different vegetation structural types. 
Although mammalian herbivores are the most widely studied and accepted as major
drivers of savanna vegetation structural heterogeneity (Olff and Ritchie 1998, du Toit
2003, Asner et al. 2009) there is increasing evidence that invertebrate herbivores such as
termites may have an important role to play (Gosling et al. 2011, Okullo and Moe 2012a,
Stoen et al. 2013). Despite their small individual body size, termites live in large colonies,
with considerable biomass (Deshmukh 1989). However, the colonies are relatively static
and therefore we may expect them to operate on the smaller spatial scales than more
mobile mammalian herbivores and fire. In addition to their effects as consumers, termites
have been shown to affect soil conditions, including nutrient availability and texture
(Eggleton et al. 1996, Konate et al. 1998, Jouquet et al. 2004a, Jouquet et al. 2005b) that
influence vegetation composition (Moe et al. 2009a, Sileshi et al. 2010, Gosling et al.
2011) and therefore vegetation structural heterogeneity. 
All the various divers described above are suggested as important in shaping savanna
vegetation (Dublin et al. 1990, Scholes and Archer 1997, Archibald et al. 2003, Sankaran
et al. 2005, Cromsigt and Olff 2008b, Okullo and Moe 2012b, Garzon-Lopez et al. 2014).
When considering which are the most important, singly or as a (abiotic vs biotic) group,
the answer will be strongly influenced by the scale of observation (Wiens 1989, Chase
2014). Despite this, few studies explicitly include spatial scale when looking at questions
around heterogeneity (Levick and Rogers 2011). Hence, it is not clear at which scale these
different predictors or groups operate.
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In order to test the scale-dependency of these different biotic and abiotic patterns, we
measured the cover of vegetation structures across multiple sites throughout Hluhluwe
iMfolozi park (HiP) in South Africa. We also recorded densities of various large mammal
infrastructure features, such as wallows, game paths, and dust baths, as well as termite
mound densities. We focus on 3 prominent mound building termite genera, that feed on
standing and or dead plant material (Uys 2002). In addition to these measured variables,
we use pre-existing datasets on long-term fire frequency, average annual rainfall and
underlying geology, to build up a comprehensive picture of conditions at each site. Using
this data we examine whether abiotic, or biotic, factors are more important in determining
vegetation structure, whether the same factors influence different vegetation structural
forms, and if the relationships found are scale dependant. Scales considered are 0.0025
km2 (n = 4000), 0.01 km2 (n = 400), 0.0625 km2 (n = 160) and 0.25 km2 (n = 40) grid
cells. We predict that at the larger scales considered, abiotic factors such as rainfall and
geology will have the greatest effect on vegetation, but at smaller scales, biotic drivers may
play a more important role in determining vegetation structure. We also suggest that fire,
large herbivores and termites may be important at decreasing spatial scales. Lastly, we
hypothesise that divers that positively influence one structural vegetation type (e.g. lawn
grasses) will, correspondingly, negatively influence the competing vegetation structural
type (e.g bunch grasses).
Methods
Study site
We collected the data for this study from Hluhluwe iMfolozi Park (HiP); a 90,000 ha
protected area in KwaZulu-Natal South Africa (S 28º 4’18.52”, E 32º 2’23.74”). Its prox-
imity to the Indian Ocean results in a coastally modified, subtropical, climate, with hot
humid summers (October–March) and dry moderate winters (April-September). The
annual rainfall in HiP varies from 525 mm to 810 mm (mean values for 2001–2007) and
is strongly influenced by the altitudinal gradient; running from the highest point, approxi-
mately 590 m above sea level, in the northeast, to the lowest, approximately 40 m above
sea level, in the south west respectively (Balfour and Howison 2001). The topography
varies widely from steep hill sides, to rolling hills, to low, broad, river basins. There are a
large number of soil types present in the park derived from different parent geologies.
Shales and sandstones dominate, with some dolerite intrusions, and smaller areas of
dwyka tillite, granite, basalt, and rhyolite, and alluvial deposits along the larger drainage
lines (King 1970, Downing 1980).
In addition to the large variety of altitude, rainfall, topography, geology and soil types
there is also a wide range of habitat types; from open grasslands and thickets, to closed
Acacia and broad-leafed woodlands, to gallery forest on the highest hill tops (Whateley
and Porter 1983). Within and between these broad habitat types is strong small scale
heterogeneity in grassland types. Over relatively small scales (from several km to less than
100 m), gasses vary from patches dominated by tall bunch grass communities of
Sporobolus pyramidalis, Eragrostis curvula and Themeda triandra, alternating with lawn
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grass communities of Digitaria longiflora, Urochloa mosambicensis, Dactyloctenium australe
and Sporobolus nitens (Archibald et al. 2005, Cromsigt and Olff 2006) . 
Within this highly heterogeneous landscape is a full suite of mammalian carnivores and
herbivores. Amongst these are 22 ungulate species, including grazers, browsers, and
mixed feeders, and high densities of megaherbivores, particularly white (Ceratotherium
simum) and black (Diceros bicornis) rhinoceros. Termite mounds are also ubiquitous
throughout the majority of the park, we recorded mounds built by 3 termite genera;
Macrotermes, Odontotermes and Trinervitermes. Whilst these 3 genera are in no way repre-
sentative of all the termite diversity present in the area their mounds are by far the largest
and most visible.
Data collection
The data collection period was from March 2006 to November 2007. 10, 1x1 km plots
were located throughout HiP (Fig. 2.2). Each block was divided into 50 x 50 m (2500 m2)
grid cells (n = 400 per block, 10 blocks n = 4000) as the finest scale of observation, and
data were recorded for each cell after having walked through and around it. The
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Figure 2.2 A map of Hluhluwe iMfolozi park showing the locations of the 10 mapped blocks and
the mean annual rainfall gradient (2000–2007) from wettest in the north east to direr in the south
west.  
percentage ground and canopy cover of each vegetation structure type was visually esti-
mated, recorded in 5% increments, and was allowed to exceed 100% due to the stratifica-
tion (vertical overlap) in vegetation layers. The vegetation structural type was recorded in
the following categories; lawn grass – stoloniferous and/or short statured grasses, bunch
grass – tall, clump forming grasses (Archibald et al. 2005, Cromsigt and Olff 2006), not
grass - any ground covering inc. forbs, leaf litter etc. and bare ground, shrubs -woody
plants <3 m tall, and trees – woody plants >3 m tall. For each vegetation category, except
‘not grass’, the dominant species was recorded in each grid cell. The inclusion of ‘not grass’
allowed for independent variation in lawn and bunch grass cover, however, its make up
includes a variety of ecologically different ground coverings, making any attempt to
predict its occurrence nonsensical. For this reason it was excluded from further analysis. 
In each grid cell, large mammal features and termite mounds were counted and noted.
Large mammal features recorded were; game paths – all those that had been worn bare in
the centre, wallows - water filled (or dried out) depressions of any size with signs of
animal mud bathing activity, rubbing posts – any tree, stump or standing rock that has
been worn smooth by animals rubbing themselves against it, dust baths – sandy areas with
clear signs of animals rolling in it, rhino middens – dung heaps with either, or both, black
or white rhino dung present and termite mounds constructed by Macrotermes, Odon-
totermes and Trinervitermes. The densities of these features are given in appendix i.
Further data (fire frequency, rainfall, elevation, slope, aspect and geology) was added
to the database for each grid cell using Hawth’s Tools (Beyer, H. L. 2004. Hawth's Analysis
Tools for ArcGIS) in Arc map (version 9.2). The rainfall data was extracted from a map
made by using an interpolated 4 point Kriging method, from rain fall data collected from
seventeen sites throughout HiP from 2001–2007. The fire frequency was calculated as the
number of fires that had occurred in each cell from 1955 to 2007. Elevation was given in
meters above seas level. Slope was given in degrees with 0 degree being flat and 90 being
vertical. Grid cell aspect was converted into a numerical measure by assigning the
compass directions to a numerical value between –1 (south), 0 (east & west) and +1
(north). Geology was included as the dominant geological type for each cell.
Data analysis
In addition to the original size of grid cell, 2500 m2 (n = 4000), data was aggregated to
form databases with larger grid cells. This was done for 100 m – 10000 m2 (n = 400),
250 m – 62500 m2 (n = 160) and 500 m – 250000 m2 (n = 40) grid cells. Data for the
new cell size was determined as either the mean value (in the case of variables in
rasterised continuous layers such as rainfall, fire frequency etc.) or the sum (in the case of
field based counts of point features, such as termite mounds, middens etc.). 
Principal component analysis (PCA) were performed on the 2 groups of predictor vari-
ables (either biotic or abiotic), at each scale, to examine the correlation structure. The
large mammal features, with the exception of dust baths, were all closely correlated. Since
they were all recorded for the same reason – as a proxy of the intensity of large mammal
space use - we used a PCA to create a compound variable (score on first PCA axis) that
represented the counts of all the large mammal features (except dust baths). This new
variable was used in further analysis in place of the individual feature counts.
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Initially biotic predictors and abiotic predictors were analysed in separate general
linear models for each scale examined (4 scales x 4 response variables x 2 sets of predictors
= 16 models). Factors included in the abiotic model were; elevation, slope, geological
substrate, rocks, aspect and rainfall. Biotic predictors were; Macrotermes mounds, Odon-
totermes mounds, Trinervitermes mounds, large mammal PCA scores (as described above),
dust baths, and fire frequency. For the abiotic predictors model, and again separately for
the biotic predictors model, at each scale (50, 10, 250, 500 m), we calculated whole
model marginal R2 values following Nakagawa and Schilzeth (2013), considering space (X
and Y coordinates) as a random factor in order to avoid pseudoreplication (Fig. 2.2).
These R2 values describe how much total variation in the response variable (vegetation
structural type X) is explained by the fixed effects in the model (Nakagawa and Schielzeth
2013).  Following this separate analysis, the significant factors from the individual abiotic
and biotic models were included in a combined (abiotic and biotic) model at each scale. 
Each vegetation structural type measure was used as a response variable for general
linear model analysis. Each model incorporated the X and Y coordinates for each data
point, to correct for any spatial autocorrelation using the ‘corGaus’ function, from the nlme
package in R (Pinheiro et al. 2009, Zuur et al. 2009). Dust baths and the different termite
mounds were not correlated with each other, or other predictors, and so were used as
separate predictor variables. Where a predictor variable was more than 40% correlated
with any other predictor they were not included in the same model. In these cases, models
were run with either one, or the other, correlated variable. These alternative models were
evaluated using Akaike’s Information Criteria (AIC) (Burnham and Anderson 2002).
Where significant differences were found between AIC values, the model with the lowest
AIC value was taken forward in the analysis. Where there was no significant difference the
most parsimonious model was taken forward. Model selection was performed using the
‘step’ procedure in library MASS (Venables and Ripley 2002). Shapiro-Wilks tests were
carried out to check for normality of residuals and where possible, transformations were
applied to correct non-normal distributions. Because the same data was analysed many
times (for multiple response variables and at multiple scales) we adjusted P values to
control for false discovery rates (Benjamini and Hochberg 1995b). All calculations were
done using R 2.11.0 (R Development Core Team 2013).
Results
Abiotic vs biotic models
We found high levels of small scale heterogeneity in all vegetation structures mapped in
this study (appendix ii). In general, variation in tree and shrub canopy cover was better
explained by both biotic and abiotic factors than lawn and bunch grass cover (Fig. 2.3).
With the exception of lawn grass cover, the amount of variation explained for each of the
vegetation structural types increased with increasing spatial scale (Fig. 2.3). Also, with the
exception of lawn grass, the dominant group of predictors (either abiotic or biotic)
remained the same across all scales studied. Lawn grass cover responded differently, in
that the amount of variation explained by either abiotic or biotic models remained low
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across all scales, and because, at the small scales, abiotic predictors were most important,
whereas biotic factors were most important at larger scales. For bunch grass cover, abiotic
factors explained more variation than biotic factors across all 4 scales of the study. At the 3
smaller scales abiotic factors explained between 3 and 4 times more variation in bunch
grass cover variation than the biotic factors, but at the largest scale (500 m) biotic factors
explained less than 1% whilst abiotic factors explained almost a quarter (24%) of the total
variation (Fig 2.3A). As with bunch grass, more variation in shrub canopy cover was
explained with increasing scale and abiotic factors explained more variation than biotic
factors. However, the relative differences in explained variation between the 2 groups
dropped successively with increasing scale, from over 3 times as much (17% abiotic vs
5% biotic) at the 50 m/0.0025 km2 scale to less than half as much at the largest, 500 m
/0.25 km2, scale (58% abiotic vs 41% biotic) (Fig 2.3C). In contrast to shrub and bunch
cover, biotic factors explained more (a quarter to twice as much) variation in tree canopy
cover than abiotic factors with little change across all 4 scales (Fig. 2.3D). At 50 m /2500 m2
abiotic factors explained more than twice as much variation in lawn grass than biotic
factors, at 100 m/10000 m2 this dropped to just over half. At 250 m/62500 m2 both
groups of factors explained similar amounts whilst at 500 m/250000 m2 biotic factors
explained almost twice as much variation in lawn cover than abiotic factors (Fig 2.3B).
Combined models
Tables 2.1A-D show the F values of all the predictors included in the abiotic and biotic
combined models. For all vegetation structural types the number of significant predictors
included in the final combined models was reduced with increasing spatial scale, from
7–10 predictors at the 50 m/2500 m2 scale to 1–4 at the 500 m/250000 m2 scale. Further-
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Figure 2.3 The whole model R2 values (calculated following Nakagawa and Schielzeth 2013) for
spatially corrected models of best fit, using different vegetation structural types as response vari-
ables and either abiotic or biotic factors as predictors across the 4 spatial scales of the study.  
more, the relative strength of the relationships (F values) also dropped with increasing
spatial scale. The most important abiotic predictors across all vegetation types were visible
rocks, slope and geological substrate, whilst the most important biotic predictors were
termite mounds, particularly Macrotermes mounds, and fire frequency. 
As with the separate models, in the combined models abiotic factors were the most
significant in predicting bunch grass cover (table 2.1A). Particularly increasing rocks and
steepness of slope led to increased cover of bunch grasses. The only biotic factors included
in the final bunch grass models were the number of Macrotermes mounds and dust baths,
both of which had a negative relationship with bunch grass cover, however, dust baths
were only included at the smallest (50 m) scale and, even here, had a very weak effect. 
Table 2.1B shows that more biotic than abiotic factors were included in the models
predicting lawn grass cover. The presence of Macrotermes mounds had a strong positive
relationship with increased lawn grass cover across all scales. At the smallest scale the type
of geological substrate strongly influenced lawn cover, at the 100 m/10000 m2 scale
higher fire frequency were strongly correlated with less lawn cover, at 250 m/62500 m2
more large mammal infrastructures was strongly correlated with increasing lawn grass
cover. 
Both abiotic and biotic predictors were strongly correlated with shrub canopy cover.
Table 2.1C shows at 50 m/0.0025 km2 higher fire frequency and steeper slope were
strongly correlated with increasing shrub cover, whilst higher annual rainfall was corre-
lated with fewer shrubs. At 100 m/0.01 km2 slope had the largest effect. At 250 m/0.0625
km2 the presence of more large mammal infrastructures had a strong correlation with less
shrubs canopy cover and, at 500 m/0.25 m2, the presence of Trinervitermes mounds also
had a negative correlation with shrub canopy cover whilst fire frequency had a positive
effect (table  2.1C). 
Biotic factors remained the strongest predictors of tree cover within the combined
models. Table 2.1D shows that by the far the strongest relationships we found were the
positive correlations between increasing tree canopy cover and higher numbers of
Macrotermes mounds across all 4 scales of the study. At the smallest scale, fire frequency
also had a strong but negative relationship with tree canopy cover. When compared to
these 2 biotic predictors, all the abiotic predictors included had relatively weak relation-
ships with tree canopy cover (table 2.2D).
Discussion
The absolute amount of variation in vegetation cover explained by both abiotic and biotic
factors generally increased with spatial scale, but the relative differences between the
amounts of variation explained by either group decreased. This means that, in this study,
both biotic and abiotic factors were equally important in explaining the distribution of the
different vegetation structural types at the range of scales we investigated (from 50 to
500 m resolution). In contrast to the abiotic, biotic hierarchy we predicted, we found the
effect sizes of individual predictors, abiotic or biotic, were much stronger at the smaller
scales. 
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The decreasing sample sizes between the original scale of measurements with n =
4000, and the largest scale considered, where n = 40, may have influenced our findings.
This is reflected by the falling F values as the spatial scale of investigation increased, and
the number of data points decreased. However, the sample and effect sizes at these large
scales were within a range that most ecological studies deem suitable for an accepted,
significant, outcome (e.g. Cromsigt and Olff 2006, Waldram et al. 2008, Van der Plas et al.
2013a) and even substantially larger at small scales. In addition to sample sizes, the
following data issues should be addressed; it was not possible to measure several of the
factors on the ground, at the same resolution as the vegetation measures. This is particu-
larly true for the long term measures of rainfall and fire frequency. It is very difficult, espe-
cially with long term measures, to record data at high spatial resolution and to record
spatio-temporal variability. Even if this variability was captured it may be smoothed out
when calculating long term means. The spatio-temporal variability within fires is
compounded by the scales at which fires are perceived and therefore recorded. Managers
set fires, and intend to burn, relatively large areas (Archibald et al. 2005) yet the intensity
and quantity of material actually burnt may vary at much smaller scales (Levick et al.
2012). Whilst we recognise these limitations in our data set, we believe that they do not
strongly effect findings which are worthy of further consideration.  
Many studies have underlined the importance of rainfall in driving savanna vegetation
heterogeneity (Coughenour and Ellis 1993, Walker and Langridge 1997), especially as a
large scale driver of vegetation patch dynamics (Sankaran et al. 2005). Yet we found little
influence of rainfall, even at the largest scales considered. There are several possible expla-
nations for these findings. The scale at which rainfall data was measured (as discussed
above) may have disguised ‘real’ (spatio-temporal) rainfall patterns and made it difficult
to detect any effects. Alternatively, it is possible that the scales we included were not large
enough to capture sufficient variation in rainfall and hence a measureable effect on vege-
tation heterogeneity. However, it is well possible that in an ecosystem with very a high
biomass of herbivores and high small scale heterogeneity in slope and soils, such as HiP,
rainfall is not ultimately a key driver of variation in vegetation structure. This is supported
by the fact that biotic variables remain important, also at larger scales, and by findings
from another study, conducted in HiP, that at scales of <0.01 km2 rainfall is no longer
correlated with plant biomass (chapter 5)
Regardless of scale, variation in tree and shrub canopy cover was better explained than
that of lawn and bunch grass cover.  Trees and shrubs are longer lived species and there-
fore their presence may be determined more by the long term factors we included in this
study. Grasses, on the other hand, are shorter lived and therefore more affected by
stochastic processes that are difficult to detect and record. Therefore, mapping woody
species maybe more useful in understanding long term conditions and processes in an
area, than mapping grasses (Whateley and Porter 1983).
Whilst both abiotic and biotic factors were important, the dominant group of factors
changed according to the vegetation structural type being considered. Abiotic factors were
stronger drivers of shrub canopy cover and bunch grass cover than biotic factors. Contrary
to our expectations, the strength of the relationships between abiotic factors and these
vegetation structural types was greatest at the smaller scales of 50 and 100m. Abiotic














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































factors that were consistently important were those that vary at comparatively small scales
such as elevation, slope and visible rocks. This illustrates the finding that in highly hetero-
geneous areas these small scale drivers can override larger scale templates  (Cromsigt and
Olff 2008b, Levick et al. 2010b, Davies et al. 2014a).
Within the group of biotic drivers, we did not find the hierarchy of drivers that we
predicted; from fire at the larger scales to large herbivores and lastly termites at the
smallest scales. Instead the biotic factors that were significant at small scales remained
dominant in explaining variation even at the largest scales. Whilst fire was a significant
predictor for all the vegetation structural types, except bunch grass, it was strongest at the
smaller scales. Fuel load is linked not only to large scale rainfall patterns (not found in this
study) (Archibald et al. 2009), but also to consumption and disturbances by herbivores
(Levick et al. 2012, Joseph et al. 2013). This possibly limits fire effects to similar scales to
those at which herbivores operate.  
Like fire, large mammals also did not have a characteristic scale of influence over vege-
tation structural types. In fact, large mammal presence did not prove to be very significant
in predicting the cover of different vegetation structural types at any of the scales studied.
This is a somewhat surprising result since the effects of mammalian herbivory on vegeta-
tion heterogeneity, at similar scales to those included here, have been widely documented
(Adler and Lauenroth 2000, Bakker and Olff 2003, Cromsigt and Olff 2008b, Stock et al.
2009). By counting biota created features, that are created and used by animals over long
time periods (>~5 years), we attempted to gather data that indicated long-term large
mammal presence and therefore their influence in the landscape. With the exception of
dust baths, the large mammal features most visible, and therefore recorded, are large
grazer, particularly rhino and buffalo, centric. We considered that because rhinos are large
bodied, selective feeders, and habitual in their feeding/movement patterns over relatively
small areas (Owen-Smith 1971, White et al. 2007), they would have disproportionally
large effects on their surroundings (Owen-Smith 1988), especially in terms of the 2 grass
vegetation structural types. Regular trampling compacts soils, this combined with high
grazing pressure, should facilitate lawn grasses over bunch grasses (Cromsigt and Olff
2008b, Schrama et al. 2012, Veldhuis et al. in review). Indeed white rhino, the most
common of the 2 rhino species found at our study site, has been found to have positive
effects on lawn grass cover in previous studies (Cromsigt and Olff 2006, Waldram et al.
2008, Cromsigt and te Beest 2014b)(chapter 3). Perhaps the effects of buffalo, wide
ranging, bulk feeding, herd animals, in many ways the antithesis of rhino, opposed the
actions of rhino to such an extent that effects of neither were visible through the measures
of presence we used here.
The last group of biotic drivers, termites, proved to be highly significant at multiple
scales in predicting multiple vegetation structural types. The presence of Macrotermes
mounds were the single most important factor throughout the study (abiotic or biotic).
Effects of Macrotermes mounds on vegetation heterogeneity are well documented (Arshad
1982, Traore et al. 2008, Moe et al. 2009a, Joseph et al. 2011, Okullo and Moe 2012b).
The causes of these effects are complex and create long-term changes in resource avail-
ability (Konate et al. 1998, Jouquet et al. 2005a, Ackerman et al. 2007, Gosling et al.
2011), and influence many interactions with other biotic drivers (Levick et al. 2010b,
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Okullo and Moe 2012a, Joseph et al. 2013). This bringing together of resources, and
multiple biotic drivers, overrides the underlying abiotic template. We found that the pres-
ence of termite mounds, particularly Macrotermes mounds, was significantly correlated
with all vegetation structural types, especially tree canopy cover up to our maximum scale
of investigation – 500m. This is a much larger scale than that at which at which termites
operate (Darlington 1982) suggesting that the cumulative effects (over space and time)
are significant at scales beyond those at which the termites have a direct influence (Levick
et al. 2010b, Davies et al. 2014a). 
Lastly, we found that different structural vegetation structural types did not have a
characteristic patch size, or scale of variation. Nor did co-varying vegetation structural
types necessarily respond to the same driving factors, i.e. factors that positively affected
lawn grass did not necessarily negatively affect bunch grass. This study illustrates the need
to be specific, in the aspect of vegetation heterogeneity that is addressed, and the scale at
which questions are asked. We found that biotic factors have at least an equally important
effect as abiotic drivers of vegetation structure in savannas. Throughout this study the
smallest scales of investigation proved the strongest and most statistically informative
(table s 1A-D). Like many small reserves, HiP is a highly heterogeneous park that supports
a large diversity of flora and fauna. The fact that biotic factors were at least equal with
abiotic factors in creating heterogeneity illustrates the need to actively conserve all faunal
groups to maintain this heterogeneity and therefore diversity.
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Appendix ii Examples of the distribution of the 4 vegetation structures present at the 10 sites
mapped. Each site is depicted 4 times, once for each of the structural vegetation types mapped.
Upper left= lawn grasses, Upper right = bunch grasses, lower left = shrubs, lower right = trees.
Blue colours show lowest cover – reds show highest cover.  

Converging effects of mega- and microherbivores
on small-scale heterogeneity in savannas
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White rhino and termites have both been described as ecosystem engineers.
Both feed on similar material and concentrated digested matter in a limited
number of places. These behaviours result in physical changes to the landscape
and alter nutrient availability. In this study we quantify and compare the
effects of white rhino middens, and mounds built by 3 genera of termite,
Macrotermes, Odontotermes and Trinervitermes (all 4 described collectively as
‘features’), on the surrounding vegetation structure and species diversity. 
3 replicates of each feature were located in 10 sites across Hluhluwe iMfolozi
Park, South Africa. Vegetation was described using 1x1m quadrats laid out in
transects leading away from the features and in the background savanna
matrix. Within each quadrat vegetation species composition, ground cover,
and herbivore dung was recorded.  
All features had significant effects on the vegetation in close proximity to them.
All features were surrounded by less bunch grass and all were less species
diverse than the back ground savanna. The termite mounds, but not the rhino
middens, were all surrounded by more bare ground than the background
savanna. In contrast, the rhino middens were surrounded by a ring of lawn
grass. Woody species were less clearly affected with the exception of more trees
around Macrotermes mounds and fewer shrubs around Triner vitermes mounds.
The spatial extent of effects varied from 2-5m from the features. The spatial
extent of the effects was least pronounced for the smallest and most predated
feature, Trinervitermes mounds. The other features affected similar areas per
feature. However, the comparatively low densities at which Odontotermes
mounds and middens occur, even in an area with one of the highest rhino
densities in the world, means that Macrotermes mounds were by far the most
important feature in shaping the savanna vegetation landscape.
Abstract
Introduction
Both white rhinoceros (Ceratotherium simum) and termites have been described as
ecosystem engineers (Jones et al. 1994, Jones et al. 1997, Waldram et al. 2008).  White
rhinos (hereafter ‘rhino’) are termed megaherbivores by virtue of their very large body size
(>1000kg), and are largely free of (non-human) predation (Owen-Smith 1988). Unlike
frequently predated animals, rhino can use their surroundings in a spatially repetitive and
predictable way. This, combined with their consumption of large quantities of primary
productivity, results in the suggestion that their per capita effects on the landscape are
disproportionately larger than those of other, predation controlled, herbivores (Owen-
Smith 1987). Whilst studies investigating this claim have been very limited, several studies
have shown that rhino significantly influence vegetation patterns (Owen-Smith 1975,
Waldram et al. 2008, Cromsigt and te Beest 2014a). At the other end of the spectrum,
microherbivores, such as termites, may be equally important in shaping savanna ecosys-
tems. Termite biomass is estimated to exceed that of all large herbivores in many savanna
systems (Wood & Sands 1978, Gandar 1982, Deshmukh 1989). As with rhinos, this results
in the removal of large quantities of primary production (Hopkins 1966, Wood et al. 1978,
Owen-Smith 1988, Moe et al. 2009b). Similar to rhino, their effects are localized and
concentrated. In the case of termites, this is due to their colonial nature and mound
building practices. Hence, both termites and rhino continually operate in the same areas,
over considerable periods, of time, hence have great potential to modify their environment.
A key feature that rhinos and termites share is that they concentrate the removed and
digested plant material in a limited number of locations; dung heaps (middens) in the case
of rhinos, and termitaria in the case of termites. Both features (middens and termitaria)
can be considered as nutrient hotspots in savanna landscapes (Scholes and Walker 1993,
McNaughton et al. 1997, Jouquet et al. 2005a).  The size and time scale at which rhino
middens and termitaria occur in the landscape may also be considered as equivalent. In
the same way successive generations of termites re-colonise termitaria (Darlington 1984,
Pomeroy 1976), incoming rhino may make use of pre-existing middens. This successive
use may result in both termitaria and middens persisting in the landscape for a consider-
able length of time (+/–decades or longer)(Watson 1967, Pomeroy 1977). 
Because middens and mounds both concentrate nutrients at similar scales it is possible
they influence savanna structure in similar ways. Increased nutrient availability may
attract other herbivores, that make additional dung and urine deposits, further increasing
any nutrient hotspot effects (Holdo and McDowell 2004, Mobaek et al. 2005, Grant and
Scholes 2006). The nutrient inputs may alter plant competitive interactions and cause a
shift in species composition; for instance, increased N availability may result in less legu-
mous tree species (Van der Plas et al. 2013a). The disturbances that rhino and termites
create through their foraging behaviour is also of a similar spatial extent (Darlington
1982, Cromsigt and Olff 2008b), and might therefore result in similar impacts on the vege-
tation. Grazing by both rhinos and termites may promote the spread of nutritious, juvenile
grass re-growth (Coughenour 1985) and, under sustained grazing pressure, facilitate and
maintain the spread of grazing tolerant, lawn species over otherwise dominant bunch
grasses (McNaughton 1984, Coughenour 1985, Okullo and Moe 2012b). In addition,
Mega- and microherbivores effects on vegetation 57
reduced biomass around mounds and middens may mediate the effects of fire in similar
ways, by lessening fuel loads, encouraging the presence of fire sensitive plant species (Moe
et al. 2009b, Joseph et al. 2013, Van der Plas et al. 2013a) and or freeing trees from the
‘fire trap’ enabling them to reach mature heights and canopy spread (Higgins et al. 2000a). 
In contrast to their potentially similar effects on nutrients and fire, we predict that the
physical impacts of rhino and termites may be quite different near middens and mounds
respectively. The large hoof size and constant foot passage of rhinos trample and compact
the soil (Cumming and Cumming 2003), reducing water infiltration rates,  increasing soil
bulk density (Lull 1959), and reducing N mineralisation (Hamza and Anderson 2005,
Schrama et al. 2012) and therefore plant species composition, quality and productivity. In
contrast, termites have been shown to modify many important soil properties (Eggleton et
al. 1996, Konate et al. 1998, Jouquet et al. 2004a, Jouquet et al. 2005b). They tunnel and
import fine textured soils, enhance decomposition rates directly and indirectly (Nardi et al.
2002, Jouquet et al. 2011), break up soil surface crust,  promote aeration, water infiltra-
tion and water potential (Mando and Miedema 1997, Konate et al. 1998, Holt and Lepage
2000, Leonard and Rajot 2001). The opposing mechanical impacts of rhinos and termites
may lead to contrasting impacts on local vegetation and influence feedbacks with other
herbivores. The potentially reduced water availability in the surface soils near middens
may increase trees over grasses with relatively shallow root systems (Nippert and Knapp
2007, Ward et al. 2013), or facilitate for drought sensitive species near mounds and
drought tolerant species near middens. To our knowledge this has never been investigated.
Unlike rhinos, there are many studies showing how termites create distinct vegetation
communities in savannas (Mobaek et al. 2005, Moe et al. 2009b, Joseph et al. 2011). An
important gap in savanna research is to describe and directly compare the impact of these
ecosystem engineers on savanna ecosystem structure. 
There is a further, important, level to the rhino versus termite comparison. Different
termite genera construct distinct mounds, from different materials, for differing purposes;
Macrotermes mounds are the largest and most conspicuous of termitaria in the African
savanna, built for stability and climate control for the fungal chamber (Noirot and
Darlington 2000), Odontotermes mounds serve a similar purpose but are lower to the
ground and therefore require less structural strength, Trinervitermes mounds are smaller
and function as storage facilities for food rather than climate chambers (Uys 2002, Adam
et al. 2008). Given the different structure, function, and sizes of mounds of different
termite genera, we predict contrasting effects on the surrounding vegetation (Jouquet et
al. 2004a, Schuurman 2006). In a previous experimental study (chapter  4) we showed
that the structure and function of the mounds was reflected in the soil texture and nutri-
ents present. The largest mounds, built by Macrotermes, had the most clay for structural
stability and highest micronutrients levels, specifically Na and Ca. Odontotermes mounds
had intermediate levels of micronutrients, and the smallest, simpler Trinervitermes
mounds, built of faecal material and used for storage, had the highest levels of macronu-
trients. The Trinervitermes mound soils had a fertilizing effect, and promoted the quality,
and biomass, of grasses in a bioassay but had little effect in the field experiment. The soils
with the highest micronutrient levels (formed by Macrotermes) caused the greatest vegeta-
tion species shifts in the field setting (Gosling et al. 2011). In long term field settings, the
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strength of the mounds against predation may also impact the magnitude of the effect of
each termite genera on the landscape. Accordingly the Macrotermes mounds, as the
strongest structures may be the least vulnerable and therefore the longest lasting and
consequently, the most influential.
In this study we aimed to confirm these differential effects of different termite mounds
in a natural setting, and directly compare these effects to those of white rhino through
their middens. We split the vegetation into 4 different, structural, vegetation classes and
examined the effects of features on both structural and species diversity. We expect to see
more lawn grasses around both mounds and middens as they require disturbed areas to
escape light competition from bunch grasses (Huisman and Olff 1998), increased nutrients
to spread (Olff and Ritchie 1998), and sustained grazing pressure in order to maintain
their position (McNaughton 1984), all of which are achieved by rhinos and termites in
these areas. We may expect still more lawn grasses around middens than mounds as they
are generally drought tolerant and trampling by rhinos may cause reduced water avail-
ability (Veldhuis et al. in review). Similarly, we may expect to see more trees than shrubs in
the vicinity of the mounds where fires may be suppressed (Joseph et al. 2013, Van der Plas
et al. 2013a). This effect maybe more pronounced around Macrotermes and Odontotermes
mounds where there is greater water potential differences (Konate et al. 1998) than
Trinervitermes mounds and middens.
Methods
Study Site
We collected the data for this study from Hluhluwe iMfolozi Park (HiP); a 90,000 ha
protected area in KwaZulu-Natal South Africa (S 28º 4’18.52”, E 32º 2’23.74”). Its prox-
imity to the Indian Ocean results in a coastally modified, subtropical, climate, with hot,
humid, summers (October–March) and dry, moderate, winters (April–September). The
annual rainfall in HiP varies from 525 mm to 810 mm (mean values for 2001–2007), and
is strongly influenced by the altitudinal gradient. The wettest areas are at the highest
points, approximately 590 m above sea level in the northeast, and the driest at the lowest
points in the southwest, approximately 40 m above sea level (Balfour and Howison 2001).
The topography throughout HiP varies widely from steep hill sides, rolling hills, to low,
broad, river basins. 
The habitat types in the park range from open grasslands and thickets, to closed Acacia
and broad-leafed woodlands, to gallery forest on the highest hill tops (Whateley and
Porter 1983). Within, and between, these broad habitat types is strong small scale hetero-
geneity in functional/structural vegetation types (chapter 2). Over relatively small scales
(from several km to less than 10 m), grasses vary from patches dominated by tall, bunch
grass communities of Sporobolus pyramidalis, Eragrostis curvula and Themeda triandra,
alternating with short, lawn grass communities of Digitaria longiflora, Urochloa mosambi-
censis, Dactyloctenium australe and Sporobolus nitens (Archibald et al. 2005, Cromsigt and
Olff 2006) and woody species from dense shrub thickets to mature woodland (Whateley
and Porter 1983). 
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This highly heterogeneous landscape forms a habitat for a full suite of mammalian
carnivores and herbivores.  Amongst these are 22 ungulate species, including both black
(Diceros bicornis) and white (Ceratotherium simum) rhinoceros, present in the highest
densities of any free-ranging population in the world (Owen-Smith 1988, Cromsigt and te
Beest 2014a). Termite mounds are also ubiquitous throughout the majority of the park, the
largest mounds are built by 3 termite genera; Macrotermes, Odontotermes and Triner -
vitermes. Whilst these 3 genera are in no way representative of all the termite diversity
present in the area, their mounds are by far the largest and most visible. In this study we
did not widely sample termites and contented ourselves with identifiying termites to
genus. However others have identified termites to species level and there appears to be
only 1 Macrotermes and 1 Trinervitermes species present in the area. The Macrotermes
mounds were built by M. natalensis (Haviland, 1898) and the Trinervitermes mounds by T.
trinervoides (Sjostedt, 1911) (A.B. Davies, pers. com. and M.P. Berg pers. com.). Several
Odontotermes species are present in the area, but the genus contains many undescribed
species and is in need of review, consequently we are not able to suggest a particular
species responsible for building the Odontotermes mounds in this study. 
Data collection
The data collection period was from January - July 2007. 3 mounds of Macrotermes, Odon-
totermes and Trinervitermes, and 3 white rhino middens (collectively referred to hereafter
as ‘features’, Fig.3.1) were located within 10 1x1 km plots, located throughout HiP (n =
30 x 4 features). The location, diameter and, where appropriate, height of each feature
was measured and its precise location recorded. 1 m2 quadrats were placed along transects
in north, east, south and westerly directions, at 4 distances relative to the feature. Since all
3 mounds studied here are entirely devoid of vegetation on their slopes and apex (Fig. 3.1)
the first quadrat was placed directly adjacent to the feature (0-1 meters, position 1 in later
analyses), close to the feature (2–3 meters, 1–2 meters for Trinervitermes due to their
small size, position 2), near the feature (4–5 meters, 2–3 for Trinervitermes, position 3)
and in ‘background savanna’ vegetation which was determined by eye, but was a
minimum of 6 meters away from the feature (3 m for Trinervitermes mounds) (‘OFF’)
(Arshad 1982, Rouland et al. 2003, Davies et al. 2014b).
For each quadrat we recorded all plant species rooted in the quadrat and their ground
coverage, allowing for a sum higher than 100% due to overlap in vertical projection of
vegetative layers. Following the data collection, we grouped the species into 6 structural
vegetation categories; (1) bare ground, (2) lawn grass – short statured and/or stolonif-
erous grasses, (3) bunch grass – tall, clump forming grasses (Archibald et al. 2005, Crom-
sigt and Olff 2006), (4) forbs, (5) shrubs -woody plants < 3m tall, and (6) trees – woody
plants >3m tall. We used the species data to calculate a Shannon-wiener diversity score
for forbs species, grass species and woody species. We used the structural data to calculate
a Shannon–wiener diversity score for vegetation structural diversity. Lastly, any large
mammal dung present in the quadrat was identified to species and recorded, with the
exception of both black and white rhino dung around middens. Both rhino species often
use the same middens, hence excluding the dung of both from the midden dung counts.
The dung was grouped in to 3 different mammal feeding groups; grazers (white rhino,
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buffalo, zebra, warthog, wildebeest), browsers (black rhino, giraffe, kudu, duiker), mixed
feeders (scrub hare, elephant, impala, nyala).
Data analysis
Data from each direction (N, S, E, W) was averaged to give 1 value for each distance (posi-
tions 1, 2, 3, and off) for each feature. These averaged values were then used for analysis.
Data were arcsine square root transformed where necessary to comply with assumptions of
























0.86 m 6.11 m
Figure 3.1 Picture of each feature used in this study with scale bars showing the mean diameter of
each. For clarity the approximate above ground extent of the Odontotermes mound pictured is
circled.
normality, and mixed effect linear models (lme: Jose Pinheiro et al. 2009) used to test vari-
ation in response variables for each feature type. To account for spatial relations of the
features, and the related values for each position, the feature’s identity number was nested
within site, and this was used as a random factor. Thirteen response variables were tested;
the cover of the different vegetation structural types (bare, forbs, bunch grass, lawn grass,
shrubs and trees), the different species diversity measures (forbs species diversity, grass
species diversity and woody species diversity), the different dung count groups (grazers,
browsers and mixed feeders) and the vegetation structural diversity measure.
Initially we compared ‘OFF’ values among all features to see if features were found in
different background environments (e.g. whether Macrotermes mounds occur in more
densely treed areas, or Trinervitermes mounds occur in areas with more bunch grass).
Following this we compared the effect of distance on vegetation functional types in sepa-
rate models for each feature. Each distance class was compared to the surrounding vegeta-
tion using a priori contrasts in the generalized linear model. Following all analyses, we
adjusted P values to control for false discovery rates (Benjamini and Hochberg 1995a). All
calculations were done using R 2.11.0 (R Development Core Team 2013).
Results
Landscape setting of the different features
The background savanna properties (‘‘OFF” feature values) were not significantly different
across features for bare, bunch grass, and forb ground cover, and forb, grass and tree
species diversity, and browser and mixed feeder dung counts (F(3,114) <1.93, p >0.13).
Macrotermes mounds (t(3,114) = 3.33**) and middens (t(3,114) = 2.35.) were found in
areas with more (or trend in the case of middens) lawn than Trinervitermes mound back-
ground areas. There were more shrubs in areas with Trinervitermes (t(3,114) = 2.94*) and
Macrotermes (t(3,114) = 2.69*) than Odontotermes mounds. Macrotermes mounds were
situated in areas with more trees than all the other features (Middens t(3,114) = 2.98*,
Odontotermes t(3,114) = 3.32**, Trinervitermes t(3,114) = 4.87***) and more vegetation
structural vegetation diversity than middens (t(3,114) = 2.79*) and Trinervitermes mounds
(t(3,114) = 3.00*). Lastly, midden areas had more grazer dung (excluding rhino dung)
than both Macrotermes (t(3,114) = 3.28**) and Trinervitermes mound (t(3,114) = 3.97***)
areas and Odontotermes areas showed a trend towards more grazer dung than Triner -
vitermes mound areas (t(3,114) = 2.46.). 
Vegetation structure
Figure 3.2 shows the different vegetation ground cover on and around each feature. There
was less bunch grass cover around all features. The strongest and largest effect was seen
around Odontotermes mounds, extending to 4 m (0 m t(3,92) = –7.03***, 2 m t(3,92)=
–3.56***, 4 m t(3,92) = –2.458*). Middens had the next strongest effect and extended to
2 m (0 m t(3,87) = –5.89***, 2 m t(3,87) = –2.36*). Both Macrotermes (t(3,96) = –2.78**)
and Trinervitermes (t(3,96) = –2.12*) mounds only affected the bunch grass cover immedi-
ately around them. Around the termite mounds the bunch grass cover was replaced, in
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part, with more bare ground than in their back ground areas (Macrotermes; t(3,96) = 2.02*,
Odontotermes t(3,92) = 5.72***, Trinervitermes t(3,96) = 2.96**). This effect showed a
trend towards extending to 2 m quadrat from Odontotermes mounds (t(3,92) = 1.75.) and
1 m from Trinervitermes mounds (t(3,96) = 1.97.). Around middens bunch grass cover was
replaced by an increase in lawn grass at 0 m (t(3,87) = 5.82***) and 2 m (t(3,87) = 3.73***).
The only termite mound that showed an increase in lawn grass was Odontotermes, there
was a trend towards an increase at 0 m (t(3,92) = 1.70.) and a significant increase at 2 m
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Forb ground cover
Figure 3.2 The mean percent ground cover of each vegetation type at each position: 1=0 m, 2=2
m, 3=4 m, Off (Trinervitermes position 1=0 m, 2=1 m, 3=2 m, Off). Mean values are shown with
standard errors bars. Woody species cover was estimated as basal cover as opposed to canopy cover.
Significant differences of each position with the background savanna (off position), per feature, are
denoted as: p<0.001***, p<0.01**, p<0.05*, p<0.1!. Y axis scales vary to best illustrate differ-
ences between features and positions.
(t(3,92) = 2.48*) and 4 m (t(3,92) = 2.45*).  Forb cover decreased at 0 m (t(3,96) = –2.82**)
and 1 m (t(3,96) = –2.08*) around  Trinervitermes mounds and a trend towards less forb
cover immediately around Odontotermes mounds 0 m (t(3,92) = –1.83.). We also found far
fewer shrubs on and near Trinervitermes mounds when compared to the back ground
savanna (0 m t(3,96) = –3.96***, 1 m t(3,96) = –4.30***, 2 m t(3,96) = –2.40*) and fewer
around middens at 0 m (t(3,87) = –3.92***), with a trend 2 m (t(3,87) = –1.73.). Similarly,
we found a trend towards fewer trees around Trinervitermes mounds (1 m t(3,96) = –1.91.)
and middens (t(3,87) = –1.87.). There was a significant increase in trees on Macrotermes
mounds (t(3,87) = 2.85**)
Vegetation diversity
The vegetation structural diversity (Shannon-Wiener measure based on the vegetation
categories, e.g. bunch, lawn, etc.) was lower on Odontotermes mounds (t(3,92) = –3.30**)
and showed a trend towards decrease 2 m away (t(3,92) = –1.67.). It was also greatly
reduced on and near Trinervitermes mounds (0 m t(3,96) = –4.70***, 1 m t(3,96) = –3.82***,






































































Figure 3.3 The species diversity for each vegetation group and vegetation structural diversity, per
feature at each position: 1=0 m, 2=2 m, 3=4 m, Off (Trinervitermes position 1=0 m, 2=1 m, 3=2
m, Off). Diversity measures were calculated as the Shannon-wiener diversity index. Mean values are
shown with standard error bars. Significant differences of each position with the background
savanna (off position), per feature, are denoted as: p<0.001***, p<0.01**, p<0.05*, p<0.1!. Y
axis scales vary to best illustrate differences between features and positions.    
mounds (t(3,90) = –5.07***) and at 2 m (t(3,90) = –2.41*), on Odontotermes mounds
(t(3,90) = –2.18*), and a trend towards less grass species on middens (t(3,87) = –1.98.).
Forb species diversity showed a trend towards a significant increase at 1m from
Trinervitermes mounds (t(3,93) = 1.86.). Whereas we found lower forb species diversity on
Macrotermes mounds (t(3,90) = –2.72**) and at 2 m (t(3,90) = –2.89**) than off mounds.
Woody species diversity was reduced in the 2 m areas (t(3,93) = –2.10*) and a trend
towards less at 4 meter areas (t(3,90) = –1.85.) around Macrotermes mounds. There was
also lower woody species diversity on Odontotermes mounds at the 0m position (t(3,90)
= –2.0*), at 0m from Trinervitermes mounds (t(3,93)=-1.99.), and a trend towards less at
1 m (t(3,93) = –1.93.). Middens had significantly lower woody species diversity on and
near them (0 m t(3,90) = –3.25**, 2 m t(3,90) = –3.36**, 4 m (trend) t(3,90) = –1.79.)
when compared to the background savanna.
Herbivore dung
There was an increase in grazer dung with distance from the Trinervitermes mounds (1 m
t(3,96) = 2.63**, 2 m t(3,96) = 2.25*) and immediately around middens (t(3,96) = 5.38***).
There was significantly less browser dung immediately around Odontotermes mounds than
















































Figure 3.4 The mean dung counts with standard error bars, found at each position 1=0 m, 2=2 m,
3=4 m, 4=4 m (Trinervitermes position 1=0 m, 2=1 m, 3=2 m, Off), for each of the features
included in this study. Significant differences of each position with the background savanna (off
position), per feature, are denoted as: p<0.001***, p<0.01**, p<0.05*, p<0.1!. Y axis scales vary
to best illustrate differences between features and positions.    
else where (t(3,96) = –2.84**) and a trend towards less mixed feeder dung 2 m from
Macrotermes mounds (t(3,96) = –1.84.) and more mixed feeder dung 2 m from middens
(t(3,96) = 1.77.).
Discussion
The usually dominant ground covering of bunch grasses was reduced around all 4
features. This was balanced, at least in part, by an increase in bare ground around all 3
termite mounds. The increased bare ground may be a result of herbivory by the termites
on their mound peripheries. This may be purely to gather food, or as a way of removing
plants whose roots may damage the mound’s structural integrity (Rogers et al. 1999,
Jouquet et al. 2004a). This may explain why the bare ground increase is most pronounced
immediately adjacent to mounds and why there was not a similar increase in bare ground
around middens, even with rhino grazing activity. 
Despite an expectation to find lawn grass increase around all features, it was only
observed around middens, and in the area close, but not immediately adjacent, to Odon-
totermes mounds. Both white rhinos and Odontotermes prefer to feed on lawn grass
(Owen-Smith 1988, Konate et al. 1998, Rogers et al. 1999, Cromsigt and Olff 2008b).
Jouquet et al (2004a) suggest that Odontotermes remove all species (roots) very close to
the mounds, then prune selected species further away, in order to facilitate the spread of
preferred species. This is similar to the effect rhino have, by repeatedly grazing the same
patches (Waldram et al. 2008, Cromsigt and te Beest 2014a). The repeated grazing by
Odontotermes and rhinos, in the presence of the additional nutrients in these areas, may
then result in the increased lawn grass cover. Trinervitermes also harvest grass material
and show a preference for ‘softer’ food items (Benzie 1986 and references therein, Adam et
al. 2008) and so may prefer lawn over bunch grasses. Yet the areas around Trinervitermes
mounds did not show an increase in lawn grass cover. In addition to the decrease in bunch
grass, we also found a decrease in shrubs and forbs around these mounds. Trinervitermes
mounds are the smallest features examined. It is possible that the areas disturbed by
Trinervitermes mounds were too small to create a sufficient disturbance in the bunch grass
matrix to attract mammalian grazers and therefore to create adequate grazing pressure,
and or additional nutrients (from additional dung deposition) for lawns to develop.
(Archibald et al. 2005, Cromsigt and Olff 2006) showed that disturbances of the tall grass
layer had to be larger than 4 m in diameter to attract mammalian grazers and induce lawn
development. In addition to being the smallest mounds Trinervitermes are also the most
brittle, and shortest lived, of the mounds examined. They are the most vulnerable to
predation and their mounds to predator damage (Kruuk and Sands 1972, Taylor et al.
2002). The mounds are less visible to predators when cloaked in tall grass and hence may
suffer less predation with more bunch grass present. This may result in them having to
balance dietary preferences with predator avoidance. Perhaps they do not only remove
plant roots of shrubs and forbs that may damage their mounds immediately adjacent to
them, but also those in the area around that may shade out, or compete with, the bunch
grasses that cloak them. 
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Although Macrotermes mounds are much larger than Trinervitermes mounds and there-
fore capable of disturbing larger patches, we found no lawn increase around them. This
may be because the back ground savanna in which Macrotermes mounds were located
already had high levels of lawn grass cover making it difficult for us to detect any effect
close to the mounds. Instead, as in other studies, we found a significant increase in tree
densities; almost double that found in the savanna matrix (Loveridge and Moe 2004,
Traoré et al. 2008, Moe et al. 2009b, Joseph et al. 2011). While Macrotermes are reportedly
mixed wood and grass feeders (Uys 2002), in HiP they have been shown to have a prefer-
ence for woody litter (S. de Visser unpub. data). The increase in tree densities may indi-
cate that, like Odontotermes, they actively facilitate for their preferred food items. It is
possible that the association between Macrotermes mounds and trees is not caused by the
presence of the mounds, but is a result of the termite habitat preferences. Despite the
Macrotermes mounds being located in more heavily wooded savanna than the other
features, we nonetheless, detected a significant increase in trees immediately adjacent to
mounds. Others have argued that this increased tree density is a result of Macrotermes
mounds acting as refugia from fire. The decrease in bunch grass, and hence fuel load (Bond
and Keeley 2005), results in fewer fires and therefore the presence of more fire sensitive
tree species (Boutton et al. 1983). It also allows trees to grow taller and escape the fire trap
on and around mounds (Traoré et al. 2008, Joseph et al. 2011, Van der Plas et al. 2013a).
We found no increase in shrubs, and so it seems plausible that Macrotermes mounds are
facilitating woody plants to grow larger (into trees) which may be an effect of fewer fires.
With the exception of Trinervitermes mounds, the areas around all the features were
less woody species diverse than their surroundings. Macrotermes mound areas were less
species diverse across all the plant groups. Macrotermes are the most studied termites in
terms of their effects on plant species diversity. Macrotermes mounds have been found to
have increased species diversity (Loveridge and Moe 2004, Traoré et al. 2008, Van der Plas
et al. 2013a), neutral effects (Moe et al. 2009b, Okullo and Moe 2012a), and negative
effects (Arshad 1982, Davies et al. 2014b). These differences may be attributable to differ-
ences in scale of investigation. Our study examined changes over a very small scale, imme-
diately around the mounds. The other studies used larger plot sizes that encompassed all
our measures including our control plots, where we also found higher woody species
diversity than in other background areas.  This may indicate that rather than being an
effect of the mounds, Macrotermes locate their nests in areas of high tree diversity. As far as
we know there have been no studies that have examined the directionality of this relation-
ship. Another possible explanation is that the reduced species diversity we found on
Macrotermes mounds, and the reduced grass species diversity around middens and Odon-
totermes mounds, may be attributed to the additional nutrients provided by these features
(Gosling et al. 2011). Various studies of plant diversity have found that species richness
follows a bell curve distribution, declining at high nutrient levels (Grime 1973, Gough and
Grace 1998, Jacobs and Naiman 2008) resulting from competitive dominance of a rela-
tively few species (Grime 1973, Davies et al. 2014b). 
The relatively rich soil of HiP may also account for the lack of any change in herbivore
dung around Macrotermes and Odontotermes mounds. Despite other studies that report
higher herbivore presence on mounds (Holdo and McDowell 2004, Loveridge and Moe
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2004, Mobaek et al. 2005), Van de Plas et. al.(2013a) also found no increase in
mammalian browsing on mounds in HiP. They suggested that because this is a relatively
fertile area, the difference in nutrients between mounds and the off mound matrix is
limited, and therefore mounds are not particularly attractive to herbivores.  
Around middens grazer dung counts almost tripled, even after we excluded rhino dung
from the dataset. This may be a behavioural effect; many species mark their territories and
advertise their presence, health, and status using dung deposits (Eisenberg and Kleiman
1972). A large dung pile is likely to be a prominent place in the landscape, “an olfactory
bulletin board” (Ripley 1952) and therefore an attractive place for other species to also
leave their mark. In addition, the increased lawn grass around the middens may make the
area more attractive to grazers specifically. The other increase in dung was grazers close to
Trinervitermes mounds. It is hard to explain what factors may make Trinervitermes mounds
attractive to grazers, especially since they have so little good quality grass around them.
Since the dung counts go from zero to very small amounts and are not immediately around
the mounds themselves perhaps this is a by-product of Trinervitermes being generally
located in grassland. The majority of the dung in these areas were left by buffalo. It may be
possible that the macronutrients in the Trinervitermes mound soils (Gosling et al. 2011)
make the bunch grasses present in the area of slightly high quality, and so more attractive
to tall grass specialists such as buffalo. Lastly, browser dung disappeared completely in
areas immediately adjacent to Odontotermes mounds, this is probably because the vegeta-
tion, especially woody species, was also reduced, to bare ground, in this area.
The spatial extents of the effects described above were similar between features. For
Macrotermes mounds and middens these effects were largely seen up to 3 meters away, for
Odontotermes mounds 5 meters away, and Trinervitermes mounds 2 meters away (Smith
and Yeaton 1998). The extent of the effects around the various mounds are generally
slightly smaller than those reported from elsewhere (Arshad 1982, Darlington 2007).
Davies et al (2014) reported that the sphere of influence around mounds was reduced in
the nutrient rich areas of Kruger national park, South Africa when compared to the
nutrient poor areas. Hence the slightly smaller zones of influence may be due to both
smaller mounds than reported elsewhere, and the background savanna being relatively
nutrient rich and a less dramatic effect of features. Since all the features had a generally
circular basal area, we estimated a sphere of influence in a ring around the feature for the
corresponding distances (e.g. 3 m + Macrotermes mound diameter + 3 m = total diam-
eter of affected area). Using these rough estimates and feature densities (chapter 2), we
can make an approximate calculation as to the percentage of the study area affected by
each feature (table 3.2). 
Trinervitermes termites are the most vulnerable and their mounds, the smallest,
shortest lived feature considered and consequently had the least impact. Odontotermes
mounds impacted the largest area but are competitively excluded by Macrotermes (Korb
and Linsenmair 2001b) and occurred at the lowest densities of all the features considered.
Macrotermes mounds and middens affected similar areas but we found more than 3 times
as many Macrotermes mounds than middens. This means that while middens and Odon-
totermes mounds affect ~0.3-0.4% of HiP, Macrotermes mounds affected approximately
1% of the study area.
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Resp. Feature DF 0 m 2 m/1 m 4 m/2 m Off F-value
Macrotermes (3,96) 43.17* 39.92 40.83 39.4 1.64
(2.5) (2.82) (2.99) (2.62)
Odontotermes (3,90) 51.91*** 43.04 40.74 39.03 13.77***
(3.06) (2.78) (2.81) (2.57)
Trinervitermes (3,96) 43.77** 41.88 40.59 38.48 3.18
(3.31) (2.92) (2.95) (2.71)
Midden (3,87) 32.62 31.51 32.13 33.36 0.04
(3.38) (2.74) (2.96) (3.03)
Macrotermes (3,96) 7.87 5.96 6.57 7.54 0.93
(1.77) (1.16) (1.19) (1.29)
Odontotermes (3,90) 6.51 6.98 8.21 8.2 1.41
(1.06) (1.06) (1.25) (1.24)
Trinervitermes (3,96) 6.56** 6.83* 7.45 7.79 3.23
(1.47) (1.63) (1.39) (1.18)
Midden (3,87) 8.79 6.85 7.53 6.88 0.75
(1.47) (1.07) (1.12) (0.97)
Macrotermes (3,96) 30.83** 35.3 33.87 36.41 2.87
(2.45) (2.92) (2.98) (2.73)
Odontotermes (3,90) 25.35*** 31.34*** 33.26* 37.07 16.99***
(2.97) (3.38) (3.51) (3.10)
Trinervitermes (3,96) 39.16* 42.09 41.81 43.61 1.59
(3.13) (3.12) (2.68) (2.67)
Midden (3,87) 31.22*** 39.37* 45.28 45.32 16.26***
(3.37) (3.79) (3.49) (3.75)
Macrotermes (3,96) 20.42 21.37 21.85 18.43 0.85
(3.42) (3.35) (3.36) (2.78)
Odontotermes (3,90) 14.73 16* 16.32* 12.52 2.62
(2.46) (2.76) (2.99) (2.20)
Trinervitermes (3,96) 9.6 8.28 7.79 8.25 0.53
(3.11) (2.91) (2.39) (2.41)
Midden (3,87) 32.37*** 26.14*** 15.44 14.67 15.29***
(3.9) (3.71) (2.82) (2.85)
Macrotermes (3,96) 46.13** 37.18 30.90 26.92 3.54
(5.87) (5.44) (5.34) (4.51)
Odontotermes (3,90) 12.55 12.05 10.68 11.71 0.43
(4.37) (4.02) (3.32) (2.93)
Trinervitermes (3,96) 6.11 5.3 5.67 7.57 1.35
(3.16) (1.94) (1.79) (2.42)
Midden (3,87) 11.57 13.58 14.84 14.64 1.78
(4.07) (3.46) (3.73) (3.62)
Macrotermes (3,96) 24.18 22.08 21.79 26.36 0.34
(3.48) (3.12) (2.94) (3.59)
Odontotermes (3,90) 15.01 15.28 15.72 13.84 0.25
(3.07) (2.94) (2.97) (2.57)
Trinervitermes (3,96) 14.42*** 13.64*** 19.13* 24.78 7.69***
(2.35) (2.23) (2.75) (3.0)
Midden (3,87) 8.2*** 14.43 17.32 18.29 6.13**






































































Table 3.1 (A–C)     
Conclusion
As far as we are aware this is the first study to document the impact of rhino middens on
the landscape. Whilst rhino effects are by no means restricted to midden formation,
arguably their biggest impact may be through grazing, we are the first to directly compare
this aspect of megaherbivore presence with that of invertebrate herbivores. We have
shown that both features significantly affect the vegetation structure and species diversity
in savannas. The comparable biomass and localized feeding habits leads to similar effects,
on comparable spatial scales. The relatively low density of middens means that the micro-
herbivores, specifically Macrotermes, are more important than middens in shaping
savannas (chapter 2). This is especially pertinent in a conservation context as the study
system in question has one of the highest densities of rhinos in the world, meaning that in
other savannas microherbivore effects are likely to be even more important.
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Resp. Feature DF 0 m 2 m/1 m 4 m/2 m Off F-value
Macrotermes (3,90) 0.39** 0.38** 0.43 0.49 3.549
(0.04) (0.04) (3.9) (0.04)
Odontotermes (3,87) 0.47 0.48 0.5 0.51 0.227
(0.05) (0.06) (0.05) (0.05)
Trinervitermes (3,93) 0.45 0.47 0.5 0.43 1.208
(0.05) (0.05) (0.05) (0.05)
Midden (3,88) 0.52 0.47 0.51 0.49 ) 0.242
(0.05) (0.05) (0.05) (0.05)
Macrotermes (3,93) 0.79*** 0.84* 0.86 0.89 9.17***
(0.03) (0.03) (0.03) (0.03)
Odontotermes (3,90) 0.83 0.88 0.88 0.88 2.474
(0.04) (0.03) (0.03) (0.03)
Trinervitermes (3,93) 0.9 0.91 0.91 0.93 0.636
(0.02) (0.02) (0.02) (0.02)
Midden (3,88) 0.83 0.9 0.89 0.88 3.374
(0.03) (0.03) (0.03) (0.03)
Macrotermes (3,93) 0.34 0.25* 0.26 0.33 3.454
(0.04) (0.03) (0.04) (0.04)
Odontotermes (3,90) 0.23* 0.26 0.27 0.31 1.395
(0.03) (0.04) (0.03) (0.04)
Trinervitermes (3,93) 0.29 0.29 0.33 0.37 1.802
(0.03) (0.04) (0.05) (0.04)
Midden (3,90) 0.24** 0.23** 0.28 0.34 4.96*
(0.03) (0.03) (0.04) (0.04)
Macrotermes (3,96) 1.42 1.41 1.41 1.44 0.368
(0.03) (0.03) (0.03) (0.04)
Odontotermes (3,92) 1.19** 1.26 1.31 1.33 4.22*
(0.06) (0.04) (0.03) (0.04)
Trinervitermes (3,96) 1.11*** 1.14*** 1.21 1.27 8.94***
(0.04) (0.04) (0.04) (0.04)
Midden (3,87) 1.27 1.3 1.3 1.28 0.248
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Table 3.2 The mean values for the diameter, height and densities of each feature type. Also an esti-
mate of the area affected by each feature and the percentage of the total area of the study site
affected. Middens heights were not measured.     
Resp. Feature DF 0 m 2 m/1 m 4 m/2 m Off F-value
Macrotermes (3,96) 0.02 0.01 0.02 0.02 0.37
(0.008) (0.008) (0.01) (0.02)
Odontotermes (3,90) 0.08 0.05 0.06 0.09 0.82
(0.04) (0.02) (0.02) (0.04)
Trinervitermes (3,96) 0.03 0.05** 0.04* 0 2.75
(0.01) (0.02) (0.02)
Midden (3,87) 0.47*** 0.19 0.11 0.16 15.71***
(0.07) (0.04) (0.03) (0.05)
Macrotermes (3,96) 0.01 0.02 0.01 0.02 0.84
(0.008) (0.01) (0.008) (0.01)
Odontotermes (3,93) 0** 0.04 0.04 0.06 2.79
(0.02) (0.02) (0.03)
Trinervitermes (3,96) 0 0.01 0 0 0.73
(0.01)
Midden (3,87) 0.1 0.03 0.05 0.08 1.45
(0.03) (0.03) (0.02) (0.04)
Macrotermes (3,96) 0.01 0 0.02 0.02 1.26
(0.008) (0.01) (0.01)
Odontotermes (3,93) 0.03 0.01 0.05 0.05 1.42
(0.02) (0.01) (0.02) (0.03)
Trinervitermes (3,96) 0 0.01 0 0 1.00
(0.01)
Midden (3,87) 0.08 0.08 0.04 0.04 1.74






























Feature Diameter (m) Height (m) Densities (ha) Area Affected (m2) % HiP 
Macrotermes mound 4.18 1.21 1.25 81 1.18
Odontotermes mounds 3.61 0.47 0.37 106 0.39
Rhino middens 6.11 na 0.38 80 0.30
Trinervitermes mounds 0.86 0.35 1.45 6 0.09
Table 3.1 (A–C) General linear model results for all the response values and each feature included
in this study. (A) shows the differences in mean ground cover of each vegetation types, (B), shows
the differences in species diversity and structural diversity for each feature and (C), shows the
differences in different herbivore dung counts. DF indicates degrees of freedom, mean values are
shown at each position, with standard errors given in brackets. The level of significance, after
adjusting for false discovery rate, per feature, at each position, when compared to the background
savanna is indicated as: p<0.001***, p<0.001**, p<0.05*. F values are given with significance
levels for the whole model.     
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A key aspect of savanna vegetation heterogeneity is mosaics formed by 2 func-
tional grassland types, bunch grasslands and grazing lawns. We investigated
the role of termites, important ecosystem engineers, in creating high-nutrient
patches in the form of grazing lawns. Some of the ways termites can contribute
to grazing lawn development is through erosion of soil from above ground
mounds to the surrounding soil surface. This may alter the nutrient status of
the surrounding soils. We hypothesize that the importance of this erosion
varies with termite genera, depending on feeding strategy and mound type. To
test this we simulated erosion by applying mound soil from 3 termite genera
(Macrotermes, Odontotermes and Trinervitermes) in both a field experiment and
a greenhouse experiment. In the greenhouse experiment, we found soils with
the highest macro nutrient levels (formed by Trinervitermes) promoted the
quality and biomass of both a lawn (Digitaria longiflora) and a bunch
(Sporobolus pyramidalis) grass species. In the field we found that soils with the
highest micro nutrient levels (formed by Macrotermes) showed the largest
increase in cover of grazing lawn species. By linking the different nutrient
availability of the mounds to the development of different grassland states we
conclude that the presence of termite mounds influences grassland mosaics but




Identifying the underlying processes responsible for creating and maintaining spatial
heterogeneity is a major theme in savanna ecology (Scholes and Walker 1993, Du Toit et
al. 2003b, Owen-Smith 2004, Sinclair et al. 2008). A key aspect of the vegetation hetero-
geneity in many savanna grasslands are the mosaics formed by 2 functional grassland
types, bunch grasslands and grazing lawns (Archibald 2008, Cromsigt and Olff 2008a,
Bonnet et al. 2010). Grazing lawns consist of a community of short statured, stoloniferous,
grazing tolerant grasses that are key resource areas for savanna herbivores (Grant and
Scholes 2006, Verweij et al. 2006, Stock et al. 2009). There is considerable debate about
the conditions that allow the establishment and maintenance of grazing lawns (Archibald
2008, Cromsigt and Olff 2008a).  However, there seems general consensus that 2 main
conditions are important for the establishment of lawns; firstly, the tall grass layer has to
be disturbed to remove competition for light by these tall grasses (Huisman and Olff 1998)
and, secondly, increased soil nutrient availability facilitates the spread of lawn grasses by
allowing them to compensate losses, and cover ground, faster than bunch grasses
(Coughenour 1985 Scholes and Walker 1993, Young and others 1995, Cromsigt and Olff
2008). Termites are important ecosystem engineers (Jones et al. 1997, Bignell 2000,
Bignell and Eggleton 2000, Lavelle 2002, Lavelle et al. 2006) that may provide both these
conditions since they disturb the tall grass layer  (Lee and Wood 1971, Pomeroy 1983,
Spain and McIvor 1988, Lobry de Bruyn and Conacher 1990), and influence soil charac-
teristics (Jouquet et al. 2005a, Jouquet et al. 2007). Therefore, they may be important in
the establishment of grazing lawns. 
It has been shown that termites affect soil conditions, including nutrient availability
and texture (Eggleton et al. 1996, Konate et al. 1998, Jouquet et al. 2004a, Jouquet et al.
2005b), vegetation composition (Spain and McIvor 1988, Moe et al. 2009a, Fox-Dobbs et
al. 2010) and remove large quanities of primary production (Hopkins 1966, Wood et al.
1978, Deshmukh 1989, Davies et al. 2010). Another potentially important effect of
termites is through the soil erosion from termite mounds which might contribute nutrient
rich material to the surrounding soil (Coventry et al. 1988, Holt and Coventry 1990). In
African savannas erosion from termite constructions is estimated to provide 10 000kg of
soil per hectare per year (Wood 1988). Given the ubiquitous and widespread distribution
of termites throughout savannas (Wood et al. 1978, Ferrar 1982b, Uys 2002) and
biomasses estimated to equal to that of large herbivores (Ferrar 1982c, Deshmukh 1989,
Moe et al. 2009a), this nutrient enrichment through mound erosion may contribute signif-
icantly to vegetation heterogeneity in savannas (Smith and Yeaton 1998). However,
empirical evidence for this is lacking.
When considering the impact of termite mound erosion it is important to consider the
diversity of termite genera present within this biome (54 genera recorded in Southern
Africa, diagrams taken from Uys 2002). Different taxa have a range of nesting, foraging
and feeding habits and, hence, can differ markedly in the characteristics of their mound
soils. Fungi harvesting termites, specifically the genus Macrotermes, have been most
studied in savannas (Darlington and Dransfield 1987, Dangerfield et al. 1998, Jouquet et
al. 2004b, Moe et al. 2009a) with much less attention given to other genera. Also the
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majority of termite research has focused on studies of single species making comparisons
of different species effects difficult (Sileshi et al. 2010). In this study, we compared the
effects of soil addition, from mound erosion, from mounds of 3 abundant termite genera
(Macrotermes Holmgren 1909, Odontotermes Holmgren 1912 and Trinervitermes Holmgren
1912) (Fig.4.1). All 3 genera collect and feed on a variety of plant material, including
large qualities of grass, and build their own unique, semi epigeal mounds (Uys 2002), and
as a result locally disturb the tall grass layer. However, the method of feeding, mound size,
and function varies between them. Macrotermes build large robust mounds to create a
micro-environment for symbiotic fungi (Noirot and Darlington 2000). Mounds are
constructed from clay particles from deeper soil layers that increase the stability of the
mound (Lobry de Bruyn and Conacher 1990, Holt and Lepage 2000, Jouquet et al. 2004b)
and are rich in minerals that are limited in surrounding savanna soils, such as Ca and Na
(McNaughton 1988, Scholes and Walker 1993). Odontotermes also has symbiotic fungi but
rarely builds mounds that extend far above the soil surface and are not characterized by
increased clay content with the associated minerals. Finally, Trinervitermes mounds are
smaller than the 2 previously described and are not used as a micro-environment for
symbiotic fungi but to store gathered plant material. They are constructed from surface
soil, mucus and faecal matter (Uys 2002). This use of faecal material, rather than subsoil
clay, and the concentration of harvested organic matter throughout the mound results in
the enrichment of macronutrients (N, P) in these mound soils (Smith and Yeaton 1998,
López-Hernández 2001, Ackerman et al. 2007). We suggest that these different functions
of the mounds results in different types of nutrient enrichment, which will play an impor-
tant role in the effects of the mounds on the surrounding vegetation. 
Having created the necessary disturbance to the tall grass layer by mound building and
removing plant/grass material (Lee and Wood 1971, Pomeroy 1983, Spain and McIvor
1988, Lobry de Bruyn and Conacher 1990), we hypothesize that termite mound erosion
might further contribute to savanna grassland heterogeneity and specifically to the devel-
opment of grazing lawns. When mounds erode, they might increase the nutrient avail-
ability of the soil surface on, and surrounding, the mounds, which would further enhance
colonization by lawn grasses (Cromsigt and Olff 2008). We suggest, however, that
different termite genera, due to their different functional ecology, will differ in the effects
of mound erosion on lawn development. Trinervitermes, due to high organic content of
their mounds, are likely to have a stronger effect than Macrotermes and Odontotermes. 
To test this, we mimicked erosion from mounds of these 3 termite genera under field
conditions. We cut the grass layer, to mimic termite disturbance, and spread mound soil
across these cut grass patches, to mimic erosion effects. We then recorded changes in cover
of lawn and bunch grass over the following 2 year period. We also conducted a greenhouse
bio-assay where we tested the intrinsic effects of 3 different mounds soils on grass
performance, using  a dominant lawn grass (Digitaria longiflora) and a dominant bunch




We conducted a field experiment in, and sampled soil and grasses from, Hluhluwe
iMfolozi Park (HiP); a 90,000 ha protected area in KwaZulu-Natal South Africa (S 28º
4’18.52”, E 32º 2’23.74”). HiP occupies the foothills of the escarpment rising above the
Southeast African coastal plain, with altitudes ranging from 40 to 590 m above sea level.
The annual rainfall in HiP varies from 525 mm to 810 mm and is strongly influenced by
the altitudinal gradient running from the highest point in the northeast to the lowest in
the south west respectively (Balfour and Howison 2001). The park is located within the
southern Africa savanna biome with habitat ranging from open grasslands and thickets to
closed Acacia and broad-leafed woodlands (Whateley and Porter 1983). There is a diverse
assemblage of fauna and flora present (Brooks et al. 1983). The park is characterized by
strong small scale heterogeneity in grassland types. Grasslands dominated by tall bunch
grass communities of Sporobolus pyramidalis, Eragrostis curvula and Themeda triandra
alternate with grasslands comprising of lawn grass communities of Digitaria longiflora,
Urochloa mosambicensis, Dactyloctenium australe and Sporobolus nitens (Archibald et al.
2005, Cromsigt and Olff 2006) . 
Termites
We focused on 3 termite genera; Macrotermes, Odontotermes and Trinervitermes (Fig. 4.1)
which are common and widespread throughout the study site, with average densities of
1.25, 0.37, and 1.45 mounds per hectare respectively (table 4.1). Mound erosion is a
significant factor with approximately 25% of all mounds showing damage to their struc-
ture (table 4.1) and therefore likely to contribute significant amounts of eroded material to
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Table 4.1 Densities of Macrotermes, Odontotermes, Trinervitermes mounds in Hluhluwe iMfolozi
Park. Densities were calculated by averaging counts of individual mounds made in 10, 1x1kilometer
blocks located throughout the park.     
Live Macrotermes mounds with new material visible 0.36
Macrotermes mounds with no new material visible 0.59
Macrotermes mounds with slight damage 0.08
Macrotermes mounds with significant damage 0.23
Total Macrotermes mounds 1.25
Live Odontotermes mounds with new material visible 0.20
Odontotermes mounds with no new material visible 0.16
Odontotermes mounds with significant damage 0.01
Total Odontotermes mounds 0.37
Live Trinervitermes mounds with new material visible 0.70
Trinervitermes mounds with slight damage 0.45
Trinervitermes mounds with significant damage 0.29
Total Trinervitermes mounds 1.45
Total mounds 3.07
the surrounding area. Macrotermes and Odontotermes belong to the fungus growing
subfamily Macrotermitinae. Both build large nest structures with semi-epigeal mounds
and cultivate symbiotic fungi (Uys 2002). In this study, we used only soil from the above
ground, outer mound structure. Trinervitermes, belongs to the subfamily Nasutitermitinae
which do not harvest fungi (Uys 2002). The mounds are smaller and more brittle than the
Macrotermes and Odontotermes mounds. The termites are active and store food throughout
the entire mound structure (pers. obs.) and therefore, despite best efforts, some plant
material and termite carcasses were present in the treatment soil. Macrotermes natalensis
and Trinervitermes trinervoides are known to be widespread throughout the region and are
probably responsible for building the mounds used in this study. However, no Odon-
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Figure 4.1 Pictures and schematic diagrams (taken from Uys 2002) with approximate scales, of the
mounds built by the termite genera used  in this study. Termites of all 3 genera feed on a variety of
plant material, but all include grass in their diet. Mounds differ significantly between these genera.
Trinervitermes use their mounds to storage harvested grass material and as a result organic matter is
found throughout their above-ground mounds. Above-ground parts of Odontotermes and Macro -
termes mounds are primarily for climate control of the below-ground fungal comb where the plant
material is stored and therefore, have little or no organic matter. Macrotermes mounds are large,
above ground, structures that require high clay content for stability. This is mineral-rich soil that is
transported by the termites from deeper soil layers. Odontotermes mounds are shallow humps with
some chimney vents extending higher with less need for structural stability and therefore less clay,
mineral rich, deep-soil than Macrotermes.   
Greenhouse experiment
We performed a greenhouse bioassay experiment to study how the different mound soils
affect growth rates, allocation patterns and nutrient status of a typical lawn and bunch
grass species in HiP. Digitaria longiflora or False Couch Grass (here after referred to as lawn
grass) is a palatable, stoloniferous grass species that forms extensive grazing lawns in HiP.
Sporobolus pyramidalis or Catstail Dropseed (here after referred to as bunch grass) is a
tough, poorly digestible species that forms erect tufts (Van Oudtshoorn 1992). We chose
these 2 species because they are abundant representatives of lawn and bunch grasses in
HiP, and dominated in the area surrounding our field experiment. Both were grown sepa-
rately in the greenhouse, in pots with 500 grams of 1 of the 3 termite genera mound soil or
control soil (i.e., 4 soil levels) for a period of 80 days. The soils were taken from 3 mounds
of each genus within a 1 km2 block, from 10 blocks situated throughout HiP. The control
soils were collected from surface, background soil, a minimum of 20 meters from each
mound. The 3 samples from each genus and each block were mixed to make a representa-
tive sample for each genus at each site. These samples from each block were kept separate
and were treated as replicates. The pots were set out in a complete, randomized, block
design and were moved regularly to account for variations in light and temperature in the
greenhouse. In total we had 10 blocks (replicates) of 8 pots representing all treatment
combinations (4 soil levels and 2 grass species levels) resulting in 80 pots. Seedlings of
Sporobolus were germinated from seeds collected in HiP and grown in growth chambers
for 3–6 weeks before planting, ranging in longest leaf length from 60–107 mm. Because
the seedlings were small we planted 2 per pot. The Digitaria seeds did not germinate so
live plants were collected from HIP, planted in potting soil and sand mix for 3 weeks after
which small offshoots were harvested for use in the experiment. Since these were larger
plants only 1 was used per pot. Because size of seedlings/offshoots differed significantly
among individuals of the same species, we matched specimens of each species for size
within each block (i.e. the seedlings within block were of similar size, but varied between
blocks). The soil was kept at 20% moisture (wet weight) by weighing and watering the
pots twice weekly. No fertilizer was added throughout the experiment. Plant height, meas-
ured at the tip of the longest leaf, was recorded weekly to measure relative growth rate.
After 80 days the plants were harvested by cutting each plant at soil level and splitting it
into stems and leaf sections. Subsequently, the soil was carefully shaken and washed off
the roots of each plant. All sections were dried at 70 ºC for 24 hours before being weighed. 
Field experiment
In a field experiment, we studied how termite-modified soil affects the occurrence of lawn
and bunch grasses under natural field conditions. The field experiment was located at
28.16826 S, 31.96915 E, at an altitude of 210 m, with annual rainfall of approximately
680mm per annum. Treatment plots of 4x4 m were set up with at least 4 m separating
each plot. To avoid edge effects, all measurements were taken within a 4 m2 area at the
centre of the 4x4 m plots. We used 5 treatments; Macrotermes mound soil, Odontotermes
mound soil, Trinervitermes mound soil, non termite soil (taken from a pit at a depth of
more than 20 cm) and a control to which no soil was added. Each treatment was repli-
cated 5 times using the Latin-square design where each row and column had 1 replicate of
Impact of termite mound erosion on grasses 83
each treatment. Before adding soil to our treatment the grass was cut in all plots to a
height of approximately 10 cm and the few woody species present were cut at soil level
and all debris removed. Subsequently, on 29 October 2007 and 22 March 2008, we spread
20 liters of each soil type evenly over every appropriate plot, except the controls, and cut
away any re-sprouted woody species. We collected the soil from several mounds of each
genus from within a 1 km2 area of the experimental site and the non termite soil from a pit
dug within the same area. Each soil type was ground using a Culatti hammer mill to break
up any lumps and well mixed before being spread. All soil samples were analyzed for
various chemical and physical properties. 
Prior to the clipping and application of the soil treatments, we recorded all plant
species present and their ground coverage within the 4 m2 area per plot. Biomass was
measured at 5 points within the same 4 m2 central area with a calibrated disc pasture
meter (grass biomass in g/m2 = 12.6 + 26.1 DPM (Waldram et al. 2008)). After the treat-
ment application, we recorded the percentage ground cover of 4 categories, allowing for a
sum higher than 100% due to overlapping layers; % bare soil, lawn grass, bunch grass,
and forbs. All measurements were repeated monthly for a period of 16 months and once
again 2 years after the start. Before the addition of treatment soil we sampled the domi-
nant lawn (Digitaria longiflora) and bunch (Sporobolus pyramidalis) grasses. Samples were
taken from outside the central 4 m2 area of each plot. Multiple plants of each species were
cut at ground level and subsequently sorted into live and dead, leaf and stem fractions,
dried at 70ºC for 24 hours and each portion weighed separately. Digitaria was re-sampled
once, 1 year after the start of the experiment. Sporobolus was not re-sampled as there was
insufficient material present. 
Statistical analysis
The data from the greenhouse experiment was analyzed using a 2 way analysis of variance
(ANOVA), including plant species and soil treatment effects and the interaction between
these 2, followed with Tukey’s post hoc tests. During the field experiment, we repeatedly
measured the same plots over time. To correct for any differences in starting conditions
between the plots we used relative change, by subtracting the percentage values for each
category at the start of the experiment from each subsequent month. To correct for
temporal autocorrelation we used linear mixed-effect models, nesting our treatment
within time (month). To correct for potential spatial autocorrelation, we also nested treat-
ment within column which was possible due to our Latin-square design. We decided to
nest within column as there was still a significant column effect despite the Latin-square
design (F4, 276 = 9.9318 P < 0.0001). We included column rather than row as the models
were not significantly different but including column had a slightly lower AIC value
(column = 2949, row = 2952). In our final model, we specified soil treatment as a fixed
effect and included 1 random effect where treatment was nested within column, within




In the greenhouse bioassay there were significant differences of total biomass with soil
treatment (F3,72 = 27.79, p < 0.001), between plant species (F1,72 = 4.60, p = 0.04)
(Fig. 4.2) and a significant interaction effect (F1,72 = 3.96, p = 0.01). Total biomass was
highest on Trinervitermes soils (F1,3 = 32.9, p < 0.001) but with no significant difference
between plant species (F1,3 = 0.30, p = 0.97) on this soil. The only significant difference
between plants species was found on the control soil, where Sporobolus had significantly
less biomass than Digitaria (F1,3 = 3.96, p = 0.01). 
There were significantly different allocation patterns between grass species (Fig. 4.3).
The lawn grass invested more in its stems than the bunch grass (F1,72 = 110.76, p < 0.001)
which was not affected by soil treatment (F3,72 = 2.14, p = 0.10). The bunch grass gener-
ally had a larger root proportion than the lawn grass (F1,72 = 97.88, p < 0.001), and this
was especially true on the Trinervitermes soil (F3,72 = 3.11, p = 0.03). There was no differ-
ence in the leaf portion of the biomass between plants (F1,72 = 1.43, p = 0.24) or treat-
ments (F3,72 = 0.47, p = 0.70).
Total nitrogen in the leaves was significantly different between soil treatments (F3,72 =
25.63, p<0.001) with no difference between species (F1,72 = 1.13, p = 0.34). The leaves
contained twice as much total N on Trinervitermes soil than on Odontotermes soil, 4.5
times as much as Macrotermes soil and 8 times more than the plants on the control soil.
The absolute N in the leaves (N/100g) varied between soil treatments (F3,72 = 23.34,
p < 0.001) and species (F1,72 = 15.03, p < 0.001) with least N in the leaves of the bunch
grass on Trinervitermes soil.  



































Figure 4.2 Greenhouse bioassay results; bar plot showing the differences in biomass (g) of the 2
grass species used, Dig_aus = Digitaria australe, Spo_pyr = Sporobolus pyramidalis in each soil
treatment, Cont = Control soil, Macro = Macrotermes soil, Odo = Odontotermes soil and Tri =
Trinervitermes soil. The data was log transformed for analysis, different letters denote significant
differences (P < 0.05) in post hoc Tukey’s test.  
Field experiment results
Pre-treatment measurements showed that there were no significant differences in the
percent ground cover of any of the variables measured (Lawn F4, 45 = 0.70, p = 0.601,
Bunch F4, 45 = 0.60, p = 0.67, Forbs F4, 45 = 0.51, p = 0.73, Bare F4, 45 = 1.02 p = 0.43,
Biomass F4, 25 = 1.04 p = 0.42). In all plots, regardless of treatment and including the
control plots, there was an increase in percentage ground cover of lawn grass (F4, 276 =
9.5992, p = <0.0001), bare ground (F4, 276 = 7.05343, p = <0.0001) and greenness of
the vegetation (F4, 276 = 2.93048, p = <0.05), and a decrease in bunch grass (F4, 276 =
8.9969, p = <0.0001) and forbs (F4, 276 = 7.05343, p = <0.0001) after the start of the
experiment (Fig. 4.4). Addition of Macrotermes soil resulted in the most increase in cover
of lawn grass and corresponding decrease in cover of bunch grass and forbs. Plots where
Odontotermes soil was applied showed least change in lawn and bunch grass cover but the
largest increase in bare ground. Trinervitermes plots showed the least overall change. Vege-
tation on the Macrotermes and Odontotermes soil plots was greener than on the control
plots with a trend towards more greenness on the Trinervitermes plots (Fig. 4.4). The
biomass of vegetation measured (g/m2) (F4, 276 = 1.38, p = 0.24), the sampled grass leaf:
stem ratio (F4, 4 = 0.72, p = 0.62), live: dead ratio (F4, 4 = 0.55, p = 0.71) or total
biomass (F4, 4 = 0.68, p = 0.65) did not vary significantly among treatments.  
Soil analysis
All termite soils used in the field experiment had elevated levels of total N, C, NO3-, NH4+,
extractable P, K+ and Ca2+ when compared to the non termite soil (table 4.2). The non
termite soil had the highest levels of extractable Na (see Table 4.2 for p and F-values of



















































Figure 4.3 Greenhouse bioassay results; bar plot showing the differences in plant part allocation
(roots, stems and leaves) of the 2 grass species used, Dig_aus = Digitaria australe, Spo_pyr =
Sporobolus pyramidalis in each soil treatment, Cont = Control soil, Macro = Macrotermes soil, Odo
= Odontotermes soil and Tri = Trinervitermes soil. The data was log transformed for analysis,
different letters denote significant differences (P < 0.05) in post hoc Tukey’s test.  
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Figure 4.4 Field experiment results; bar plot showing the change in percentage ground cover to the
end of the experiment relative to the start conditions for all soil treatments. Legend shows the
different treatment types; Con=control plots, Dug=non termite soil, Tri=Trinervitermes mound soil,
Mac=Macrotermes mounds soil, Odo=Odontotermes mound soil. Error bars indicate standard
errors, different letters denote significant differences (P < 0.05) in post hoc Tukey’s test.  
Table 4.2 Soil characteristics of samples from several termite mounds and control soil from 20 cm
below the surface away from any termite mounds. Different letters denote significant differences in
post hoc Tukey’s test after a one-way ANOVA. F values are shown (*** p <0.001, * p <0.05, ns not
significant). All units are mg per 100 g of dry soil unless otherwise stated.     
Chemical Properties Dug Trinervitermes Macrotermes Odontotermes F(3,8)
% Nitrogen 0.11a 0.31d 0.16b 0.19c 1167.25***
% Carbon 1.44a 4.29c 1.46a 2.12b 1174.42***
Extractable nitrate 0.003a 10.29d 7.5c 6.58b 3129.41***
Extractable ammonia 0.17a 0.86c 0.34b 0.34b 138.84***
Extractable P 46.44a 67.49c 47.03a 59.64b 297.31***
Water extractable P 5.79b 10.40c 3.45a 4.36ab 71.17***
Extractable K 21.15a 57.98c 25.79b 19.70a 806.50***
Extractable Ca 63.09a 193.97b 259.02c 191.28b 886.12***
Extractable Mg 52.00b 59.69d 58.26c 40.47a 2068.38***
Extractable Na 20.71d 10.53b 15.31c 6.86a 1372.51***
pH H2O 5.83a 6.02b 6.95b 6.51c 1898.00***
pH KCl 4.89d 5.58c 6.45a 6.03b 1726.15***
Organic mater 4.15a 9.26d 4.80b 5.72c 350.59***
Loss on ignition 5.40a 10.55d 6.52b 7.06c 388.86***
Texture
<2 µm vol %  (clay) 16.10a 15.27a 20.23c 17.93b 48.11***
<16 µm vol %  (silt) 14.07a 15.97b 22.80c 15.63a 114.24***
<100 µm vol %  (fine sand) 23.13b 22.60ab 23.13b 20.97a 7.65**
<250 µm vol %  (medium sand) 22.43b 24.50c 16.73a 28.90d 153.40***
<2000 µm vol % (coarse sand) 24.27b 21.67b 17.10a 16.57a 14.88**
differed significantly with Trinervitermes soil having more than 100 times more extractable
nitrate than the non termite soil. Generally, Trinervitermes soil had the highest inorganic
nutrient and organic matter levels and was most significantly different from the other 3
soils. Macrotermes had higher levels of cations, specifically Ca and Na, then the other 2
mound soils. There was more variance in the textural properties than the chemical proper-
ties of the soil. Macrotermes had more clay and silt and less medium and coarse sand parti-
cles than the non-termite soil. Odontotermes also had elevated amounts of clay particles
and more medium sand particles. Trinervitermes soils most resembled the structure of the
background soil although it also differed in silt and medium sized sand particles. 
Discussion
Our results show that termite mound soils strongly influence the vegetation growing in
them. The greenhouse bioassay shows that with the addition of termite mound soils,
specifically Trinervitermes soil, both grasses responded with a large increase in total
biomass and relative growth rate (Fig. 4.2). This is probably an effect of the high levels of
inorganic nutrients, especially available P and N, found in Trinervitermes soil in this study
(table 4.2) and for mounds of similar genera elsewhere (Smith and Yeaton 1998, López-
Hernández 2001, Ackerman et al. 2007). In addition to the increase in total biomass, there
was also a change in allocation patterns for both grasses in Trinervitermes soil (Fig. 4.3).
The bunch grasses invested most in roots whereas the lawn grasses invested more in
stems. The lawn grass investment in stems stimulates its stoloniferous growth, which
allows it to colonize a disturbed patch faster than the bunch grasses which are obligate
seed producers and so cannot spread as quickly locally (Coughenour 1985). As we used
only 1 species of bunch and 1 of lawn grass and the starting conditions in the greenhouse
differed slightly, generalizations should be made with caution. However, the findings fit
well with current hypotheses that lawn grasses spread after disturbance, especially in the
presence of nutrient rich soil (Blackmore et al. 1990, Scholes and Walker 1993, Young et
al. 1995, Cromsigt and Olff 2008a). Other studies on the influence of termite mounds on
vegetation patterns have referred to the higher levels of available nutrients to explain the
presence of palatable or lawn grass species around them (Arshad 1982, Spain and McIvor
1988, Smith and Yeaton 1998).
In the field experiment all plots showed large changes in their vegetation composition.
The ground cover of lawn grasses and bare ground increased in all the plots, as did the
greenness of the plants, whilst cover of bunch grasses and forbs declined. This overall
effect was most likely due to our mowing treatment. By cutting the vegetation we probably
favored lawn grasses as they are able to respond most quickly to loss of biomass, especially
with increased availability of light resulting from the removal of tall grass stands
(Coughenour 1985, Cromsigt and Olff 2008b). Although all the plots changed, responses
differed between soil treatments. The addition of Macrotermes soil induced the greatest
community shift to a lawn grass state in combination with the cutting treatment.  There
are several important differences between the conditions in the field experiment and the
greenhouse, including interspecific competition and the response of mature plants vs
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seedlings and small clones. It is possible that mature plants with resource reserves may
have reacted differently to the young plants in the greenhouse. However, we propose that
the disparity of results between the field experiment and the greenhouse occurs due to
changes in interspecific competition caused by interactions with large herbivores. The soil
analysis (table 4.2) shows Macrotermes soil has a combination of high levels of Na and Ca.
Both are important limiting minerals for mammalian herbivores in most terrestrial systems
(Tracy and McNaughton 1995 and references therein). In savannas, a variety of mammals
are known to seek out areas of salt enrichment (McNaughton 1988, Ruggiero and Fay
1994, Holdo et al. 2002). Therefore, addition of mineral rich Macrotermes soil may have
made these plots more attractive to herbivores than surrounding plots. Continued intense
grazing in the Macrotermes plots might have facilitated the colonization of these plots by
the grazing tolerant lawn species making them competitively superior over the otherwise
dominant bunch grasses. Since we do not have data on herbivore visitation per plot this
suggestion remains speculative. However, we believe it is a probable explanation since
other experimental studies have shown that lawn grass species can only colonize grassland
plots under continuous intense grazing (O'Connor 1994, McNaughton et al. 1997, Crom-
sigt and Olff 2008a). 
An alternative explanation is that the addition of Macrotermes soil, with the highest
clay and silt content (table 4.2), changed the texture of the background soil resulting in
the largest increase in lawn grass cover. However, we feel that this is unlikely as there was
no disturbance to the soil surface or to the grass roots. This explanation is also challenged
by further comparison of the other soils; the next highest levels of clay were found in the
Odontotermes soil, and silt in the Trinervitermes soils, but these soils did not show a similar
increase in lawn grass. In fact, the most similar changes in lawn/bunch cover were seen in
the plots where the sub surface (dug) soil was applied, which although texturally different,
had Na levels most similar to the Macrotermes soil. The fact that the non-termite soil
contained high levels of Na, but did not show as strong an increase in lawn cover as
Macrotermes soil, suggests that Ca might have been more important in attracting herbi-
vores (Maduakor et al. 1995). 
The differences in nutrient concentrations between the mound soils can be linked to
the mound structure and function. The concentrations of available N and P in the
Trinervitermes mounds (Smith and Yeaton 1998, López-Hernández 2001, Ackerman et al.
2007) are related to the high organic matter content of these mound soils, constructed
from top soil,  mucus and  faecal material (Uys 2002) and used to store plant matter
throughout (C. Gosling pers. obs.). Macrotermitinae mounds (including Macrotermes and
Odontotermes) mounds function primarily as climate control chambers for the symbiotic
fungi grown on fungal combs deep within the mounds (Noirot and Darlington 2000). The
large structures required to create a homeostatic environment for the fungi results in the
need for robust and stable building materials. Macrotermitinae have been shown to prefer-
entially choose and relocate fine soil particles, especially clay, for this purpose (Lobry de
Bruyn and Conacher 1990, Holt and Lepage 2000, Jouquet et al. 2004b). These soils are
often brought from deep soil layers and have been reported as having higher levels of
exchangeable cations than the surrounding soils (Holt and Lepage 2000, Sileshi et al.
2010). While our texture analysis showed the Macrotermes and Odontotermes mound
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material is largely fine particles with significantly more clay than the surrounding soil this
did not result in a higher cation exchange capacity. There were significant differences
amongst all soils for all cation exchange minerals measured (K, Ca, Mg and Na). As
reported in other studies (Lepage et al., Jouquet et al. 2005a) there were also significant
differences in the properties and effects of the 2 Macrotermitinae mounds. Whilst Odon-
totermes, like Macrotermes, have large, complex nest structures for optimal fungal growth,
these tend to be largely subterranean. The absence of a big epigeal structure reduces the
need for clays as a stable building material and therefore, reduces the mineral content of
these soils. This offers an explanation for the intermediate results obtained from the Odon-
totermes soil used here. Therefore we confirm that the variation in mounds size, structure
and function strongly influences the nutrient concentrations in the mound soils. 
The influence that mound soils have on the surrounding area depends on the density
and distribution of the mounds. In our study area the density of mounds, 3.07 /ha (table
4.1), was 3 time higher than that found in Kruger National Park (Meyer et al. 1999, Levick
et al. 2010b). In Kruger National Park, despite the much lower densities than in our site,
Levick and others (2010b) showed that mounds affected 20% of the landscape. In that
study, and most others, it is also important to consider that only a small proportion of
termite activity is detected. Levick and others (2010) used a remote sensing tool to esti-
mate termite mound density and, hence, only considered fairly large, above-ground,
mounds. In our study we used mound soils of only 3 of 54 genera recorded in southern
Africa (54 genera recorded in Southern Africa, Uys 2002). A large proportion of termite
activity, including subterranean, is hard to detect even with intensive field surveys. Addi-
tionally, nutrient rich soil is not only distributed over the surrounding area by mound
erosion but also from other foraging structures (Jouquet et al. 2007). Estimates of this soil
addition in African savannas range from 300–900 kg/ha/yr for a single species (Bagine
1984 and references therein), to a total from all termites of 10 000 kg/ha/yr (Wood
1988). This then must have large and varied effects on the surrounding vegetation. 
Our work has shown that termite mound soils have the potential to shape the
dynamics between co-occurring grass species. The nutrients in the soil of mounds used for
storage, such as Trinervitermes mounds, have a fertilization effect on both bunch and lawn
grass plants. If the above ground portion of the grasses is frequently removed by grazing
(or in our case, mowing), the increased nutrient availability could allow lawn grasses to
spread as they are able to utilize these nutrients more quickly than the bunch grasses. Our
field results showed that this effect was much stronger with Macrotermes soil, rather than
Trinervitermes soil. We speculate that clayey, mineral-rich, Macrotermes soil attracts herbi-
vores (Maduakor et al. 1995) that create the necessary disturbance which in turn affects
the lawn-bunch balance by favoring the grazing tolerant lawn grass species. Hence, our
work shows that different termite genera can have strongly differing effects on soil
nutrient availability and the vegetation growing on these soils caused by differences in
mound structure and functioning. As a result, generalizations about the effects of termite
mounds on nutrient availability and vegetation should be made with care. While it is diffi-
cult to generalize effects of termites across genera, we confirm that the termite mounds
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Termites have a large influence on ecosystem functioning. Understanding what
drives termite activity patterns consequently holds important information
towards understanding nutrient cycling, productivity, and heterogeneity in
savannas. Previous studies have shown strong positive effects of rainfall on
termite decomposition. More recent literature has reported positive, negative
or neutral effects. We suggest that this confusion stems from a focus on rainfall
alone, without consideration of other important factors. In this study, we
examine the interactive effects of rainfall, vegetation structure, large herbivore
presence, and soil physical factors on termite activity. We used removal of grass
bait from litter bags as a proxy for termite activity at 10 sites in Hluhluwe
iMfolozi Park, South Africa. We used 2 bait types, of differing nitrogen content,
to test for termite food preferences, and examined the effects of abiotic factors
on a large scale, and vegetation structure on a range of scales. 
Termites showed no preference for either grass bait despite differences in
quality. We found that termite grass removal declined towards higher rainfall
and with taller grass. Corrected for vegetation height, termites removed more
litter inside exclosures than outside. We discuss the possible reasons for this
effect. These relationships were found at all scales examined. 
Our results suggest that increased rainfall acts on termite abundance across
large spatial and temporal scales, while vegetation biomass influences termite
activity on smaller temporal and spatial scales. We suggest that conditions that
stimulate microbial decomposition have a negative effect on termite activity.
This may be interpreted as increased competition for food resources between
termites and free living microbes. Therefore, the impacts of termites on
nutrient cycling seem most pronounced when abiotic and biotic conditions
limit decomposition by free living microbes.
Abstract
Introduction
Termites are the most influential decomposers in savanna ecosystems (Lavelle et al. 2006,
Freymann et al. 2008) responsible for between 50 and 100% of all litter removal (Buxton
1981b, Bignell and Eggleton 2000, Schuurman 2005). For this and other soil engineering
activities, termites have a large influence on ecosystem functioning (Pringle et al. 2010,
Jouquet et al. 2011). Consequently, understanding what drives termite activity patterns is
important to understand the key determinants of nutrient cycling, productivity, and
heterogeneity in savannas. 
Several studies suggest that climatic conditions, such as rainfall, may be a primary
driver of termite activity (Pomeroy 1978, Ferrar 1982c, Davies et al. 2012). However, the
relationship between termite activity and rainfall remains a topic for debate; while some
studies have found that termite activity increases with rainfall (Buxton 1981a, Deshmukh
1989, Picker et al. 2007), others have shown the opposite pattern (Schuurman 2005,
Buitenwerf et al. 2011) or no correlation with rainfall at all (Holt 1996). These contrasting
results may be due to a variety of indirect effects of rainfall on termite activity. 
In many ecosystems free living microbial decomposers in the soil (bacteria, fungi and
other protists) are responsible for the majority of decomposition. However, in permanently
dry areas, during dry seasons, or during drought spells, the activity of these free living
microbes is limited or arrested  (Holt and Coventry 1990, Lavelle et al. 1993, Ekaya and
Kinyamario 2001). Savannas experience erratic rainfall and hence can experience spatial
and or temporal periods of aridity. In these areas or periods, where microbial decomposition
is limited, termites are able to dominate (Yamada et al. 2007). Therefore, rainfall may indi-
rectly influence termite activity via a competitive interaction with microbial decomposers
(Yamada et al. 2005). In addition, rainfall drives patterns of primary production (Sankaran
et al. 2005) which influences other important processes such as mammalian herbivory
(McNaughton 1979, East 1984), food resource quality and quantity (Hopcraft et al. 2010),
and soil properties (Lal 1976, Mwendera and Saleem 1997). These processes may directly
influence termite activity and may also influence the termite-microbial interaction. 
While there are a number of studies documenting the beneficial effects of termites on
large mammalian herbivores (Ruggiero and Fay 1994, Holdo and McDowell 2004, Mobaek
et al. 2005) the few that attempt to link herbivore activity, or density, to termite activity
have produced conflicting results (Traore and Lepage 2008, Buitenwerf et al. 2011).
Herbivores might act as competitors of termites since they consume a common resource
(Benzie 1986, Uys 2002). Herbivores might also negatively impact termites by compacting
soils (Cumming and Cumming 2003, Schrama et al. 2012), damaging mounds, and or
foraging structures (Ruggiero and Fay 1994, pers. obs.) This may make termite foraging
more difficult for termites, and leave them more vulnerable to desiccation and predation. 
Alternatively, large herbivores and termites may profit from each other. Herbivores can
remove senescent material and thereby encourage new, high quality, plant growth
(McNaughton 1979, O'Connor 1994). Moreover, large mammals may increase food avail-
ability for termites by trampling and dropping grass fragments (Cumming and Cumming
2003) making grass more accessible to termites, and through the addition of dung, an
important resource for termites (Freymann et al. 2008). This dropped plant litter, plus
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dung patches, may form favourable microclimatic habitats for termites protecting them
from desiccation and detection by predators (Ferrar 1982c). Termites may also have a
positive effect on large herbivores, depending on the species group involved, as their
removal of litter can promote the quality of the remaining grass layer, and they can
promote nutrient cycling, and thus plant quality (O'Connor 1994, McNaughton et al.
1997, Gosling et al. 2011).
The quality and quantity of the food resources available may affect termite activity in
other ways. Grasses of increasing quality (N content), may be more prone to attack by
microorganisms (Hendriksen and Breland 1999). This may make them less attractive to
termites (Wood et al. 1978, Buxton 1981b), especially fungus growing termites (Macroter-
mitinae) that must protect their symbiotic fungi from attack by other microbes (Fig 5.1,b).
Under dense vegetation a moist microclimate may be maintained for longer periods, or
further into drier areas, once again enabling prolonged microbial activity.
Similarly, soil properties may affect termites. Soils that retain moisture will allow for
longer periods of competition with free living microbes than freely draining soils (Holt
1996). In addition, most termites live a cryptic lifestyle, tunnelling in and under the soil to
reach food resources, or building foraging galleries at the soil surface (Adam et al. 2008,
Davies et al. 2013). The bulk density, texture and permeability of the soil will affect these
activities, while water logging may have a negative effect (Schuurman and Dangerfield
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Figure 5.1 On the left is the more classical view as proposed by previous authors (Pomeroy 1978,
Ferrar 1982c, Davies et al. 2012) and on the right, the more mechanistic approach we take with this
paper. We propose that rainfall has indirect effects on termite activity through several channels as
described in the text below. 
This study, in contrast to much of the existing literature, examines the concurrent
effects of multiple potential drivers on termite activity patterns (Fig 5.1) across a range of
scales. It is possible that the different processes described above operate at different scales.
For instance, the effect of rainfall on primary productivity, and therefore the quantity of
vegetation present, is observed at a landscape level, whereas the effect of large herbivores,
either directly by competition or facilitation, or indirectly by influencing the local microcli-
mate under litter layers, may be important on smaller spatial scales. 
We test the following 3 hypotheses; (1) that rainfall is an important, large scale deter-
minant of termite activity, but its effect is mediated by local factors such as large herbivore
grazing and vegetation structure, (2) the quality of the food resources available to termites
may have an effect on termite activity, (3) that the exclusion of large herbivores will have
an impact on termite activity. In the present study, we aim to test these hypotheses in a
savanna park with a steep rainfall gradient, long term herbivore exclusion plots, and small
scale variation in soil characteristics and vegetation structures.
Methods
Study sites
The study was conducted in Hluhluwe iMfolozi Park (HiP); a 90,000 ha protected area in
KwaZulu-Natal, South Africa (28° 04’17” 032° 02’03”). The park is located within the
southern Africa savanna biome with habitat ranging from open grasslands and thickets to
closed Acacia and broad-leafed woodlands (Whateley and Porter 1983). The park has
large altitudinal differences, from the highest point in the north east to the lowest in the
south west, that strongly influence differences in rainfall (Balfour and Howison 2001).
Annual precipitation varies between 525 mm at the lowest points to 810 mm at the
highest (Fig. 5.2). Where annual precipitation is higher, vegetation is mostly forest, scrub-
land and tall grass vegetation (bunch grassland) dominated by Sporobolus africanus,
Eragrostis curvula and Themeda triandra. In the south west, where it is drier, there are
more open, short grass patches (lawns) dominated by Digitaria longiflora, Urochloa
mosambicensis, Dactyloctenium australe and Sporobolus nitens (Archibald et al. 2005,
Cromsigt and Olff 2006). Human impact in the park is mostly restricted to regular,
controlled burning and occasional removal of small numbers of some large mammal
species. We selected 10 sites in open habitats across HiP, covering a large rainfall gradient
(Fig 5.2). Of these 10 sites, 5 were located inside fenced exclosures that kept out all herbi-
vores larger than a scrub hare (Lepus saxatilis, F. Cuvier, 1823). These exclosures had been
in place for the preceding 7 years at the time of the study (van der Plas and Olff 2014).
Although the sites inside and outside exclosures were not paired, they were equally spread
along the rainfall gradient. T-tests (table 5.1) confirmed that the location in or out of an
exclosure did not significantly affect any of the other predictor variables used in this study.
Quantifying general site characteristics
At each site, we laid out 2 grids, both centred on the experimental plot. The first grid was
14 x 34m, with points spaced 2 meters apart (a total of 144 points per site), referred to
Factors influencing termite activity 101
from this point on as ‘small’ plot. The second was 100 x 100m, with points 10 m apart (a
total of 120 points per site), referred to from this point on as ‘large’ plot. In both plots we
measured grassland composition and structure. At each point we recorded: the maximum
height of the grass with a measuring stick, grass biomass, and noted evidence of termite
activity. Grass biomass was measured using a calibrated disc pasture meter (DPM)
(Bransby and Tainton 1977) (calibration: grass biomass in g/m2 = 12.6 + 26.1*DPM
reading (Waldram et al. 2008)). Termite activity was recorded in 1, or more, of 5 cate-
gories; (1) termites present, (2) soil sheeting on wood, grass, dung or bare soil, (3)
foraging holes, (4) alate (winged reproductive) launching structures, and (5) mounds.
Rainfall data was determined from an average annual rainfall map created using data
from seventeen sites throughout HiP from 2001–2007 and applying a 4 point kriging
method (Ezemvelo KZN Wildlife unpublished data). Fire frequency data were calculated
from burn maps recorded on an annual basis from 1955–2007 (Ezemvelo KZN wildlife
unpublished data). At each site we took 5 soil samples which we bulked and analysed for
soil nutrient and texture data (Manson and Roberts 2000) 
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Figure 5.2 A map of the study site, Hluhluwe iMfolozi Park, South Africa, showing the rainfall
gradient (see methods section) and the 10 site locations used in this work. 
Termite foraging activity at each site
Here, as in other studies examining the role of termites (Ferrar 1982a, Schuurman 2005,
Freymann et al. 2010b, Buitenwerf et al. 2011), we used bait removal as a proxy for
termite decomposition activity. We used 2 grass species as bait that differ in general
nutrient quality; Panicum maximum and Sporobolus africanus. P. maximum is a highly
palatable grass for herbivores, because of its relatively low proportion of lignin and cellu-
lose, which corresponds to a low C:N ratio (C;N ratio 25.9, standard error  1.22, Gosling
unpublished data) (Holdo et al. 2002). S. africanus has a high C:N ratio (C;N ratio 34.7,
standard error 1.61, Gosling unpublished data) and is therefore considered to be of low
quality (Kleynhans et al.). These 2 species were used to test termite preference for
different quality food resources. In order to standardise bait quality throughout the experi-
ment we collected both species simultaneously, before the start of the experiment, from
the same location. The grass was harvested at ground level, dried for 24 hrs at 60°C and
cut into pieces of approximately 5 cm. 10 (± 0.05) grams of these pieces were used to fill
bags (±15 x 15cm) made of aluminium mesh (mesh size 1.3 x 1.3 mm). We placed 7 repli-
cates/bags at each point in the grid held in place at 2 points by a roofing nail. We chose to
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Table 5.1 Overview of the site characteristics. Experimental plots laid inside large herbivore exclo-
sures are listed as sites with large herbivores absent, rainfall is the interpolated average from
2000–2007, fire frequencies are from 1955–2008, grass heights are given in cm, biomass in g/m2,
and greenness in %. Evidence of termites and termite mounds are counts. “Lrg” are mean values for
data collected in the large (100x100m) plots and “Sm” mean values from the small (14x34m) plots.
The p values shown are for Welch 2 sample t-tests used to test for significant differences in the
values based on the plots being placed in, or out, of the exclosure fences. The standard deviations
shown (± n) indicate a high level of heterogeneity within plots at the 2 scales measured for all the
vegetation variables.      
Site type open fenced T Test
Ave Rainfall (mm) 604±51 574±77 0.30
Soil C/N 11±1 11±2 0.63
Soil Clay % 29±13 32±6 0.26
Soil Electro Conductivity 81±41 57±14 0.16
Soil Na 1.45±0.9 0.89±0.11 0.12
Soil Ca 2.06±1.19 1.61±0.46 0.35
Soil Mg 1.98±1.04 1.52±0.47 0.29
Soil K 0.95±0.51 0.77±0.43 0.38
Soil SAR 1.00±0.47 0.73±0.15 0.12
Grass Biomass Lrg 564±364 414±236 0.21
Grass Biomass Sm 485±296 472±146 0.76
Grass Height Lrg 30±9 31±17 0.49
Grass Height Sm 34±9 50±23 0.23
Evidence of termites Lrg 47±29 58±19 0.68
Evidence of termites Sm 59±32 74±35 0.74
Termite mounds Lrg 9±4 7±3 0.30
Termite mounds Sm 7±3 9±4 0.93
place 7 bags at each point in the hope that any bag removal by animals would not result in
a total loss of data for that point. To account for within site variability we alternated
species at each point, with blank spaces interspersed. The bag points were spaced 5 m
apart in a grid (10 x 25m). This resulted in a total of 12 bags points (6 bag points of each
species), with 7 replicate bags at each point, at each of the 10 sites. Initial attempts to
place control bags, in locations inaccessible to termites, were unsuccessful or were
tampered with by other animals. During the first month we found a reasonable method
that lasted the required amount of time. The successful control measure was 7 bags of
each grass species put in a bucket on top of a 40 cm layer of river sand. The control bucket
was placed 5m outside the bottom left corner of the experimental grid at each site. The
bucket had multiple small holes in the bottom to allow free drainage of water but prevent
termite access to the bait. River sand was used because it was unlikely to contain termites,
other invertebrates, or significant amounts of other decomposing organic material. 
The bags were left out for 4 months, from October 2005 to February 2006. After the
first month (November), and for the following 3 months (December – February), 1 of the
replicate bags (1 of 7) was collected from each point, and control bucket, per site (13 bags
per site, per month).  Since we were not able to retrieve the first month’s control bags with
the treatment bags, we only have 3 months of control data (months 2, 3 & 4).
Termite presence at the bait bags was confirmed by direct observations and soil
sheeting in litter bags. We collected bait bags during the very early morning (4 – 6 am) in
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Figure 5.3 The layout of the experimental set up, the small, 14x34m plot, within the larger
(100x100m) plot. Blue and red spots show the locations of the different types of bait bags within
the plots, the black spot shows the location of the control bags, smaller turquoise and pale blue
spots show some of the locations at which the plot mapping was carried out for the small and large
plots respectively. 
order to maximise the opportunities to sample live termites. After collection, termites were
identified to genus level, where possible, using Uys 2002. Identification to genera level is
less prone to inaccuracies and has been found to correlate strongly to species richness
(Eggleton et al. 1994). 
Data analysis
Bait removal was calculated as the amount of grass removed from the bait bags each
month. Since there was only 1 value for all the abiotic predictors (i.e. 1 rainfall, 1 fire
frequency, 1 soil clay percentage value, etc.) per site, we averaged all removal data to use
1, mean, response value per site, for each month (n = 10 x 4 months). We calculated 2
different values for the vegetation structure (height and biomass); the mean values of all
the points measured in the small (34 x 14 m) plot, and the mean value for the large (100 x
100m) plot, at each of the 10 sites. 
Firstly, we used general linear regression models to look for any differences in bait
removal between the control bags and the treatment bags, and then to see if there were
bait type, or exclosure fence, effects on either (control or treatment) bag type. Secondly,
we looked at variable effects on bait removal, per month, between sites for the treatment
bags and control bags separately. We performed 2 principal component analyses (PCA),
one with abiotic variables (rainfall, fire frequency, soil nutrients and properties, soil
organic matter, soil clay content) and one with the biotic variables (grass height, grass
biomass and grass greenness in both small, and large, surrounding plots and grass C/N
ratio), to look for correlation structure in the dataset. Average annual rainfall and fire
frequency, soil sodium absorption ratio (SAR) and soil Na were strongly positively corre-
lated, and soil clay content strongly negatively correlated. In the second abiotic group the
other soil nutrients (Mg, K, Ca) and soil electro-conductivity (EC) were positively corre-
lated, and lower soil organic matter (high C/N ratio) negatively correlated. In the biotic
variable PCA, grass height and biomass in the large plots were also strongly correlated
with each other, whereas grass height and biomass in the small plots, and grass greenness,
were not. We selected representative variables from each correlated group (rainfall, soil
EC, grass height, and grass greenness) to investigate further at the between plot (n = 10)
scale. Because of the small sample size we did not use fully factorial model selection
processes. Instead, we used each of the chosen predictors singly, with type of grass bait
and the position in or out of an exclosure (e.g. bait removal ~ rainfall*bait type*exclosure
location OR bait removal ~ grass height*bait…etc.), removing a predictor from the model
if it proved insignificant. For all tests between plots we used general linear models (lm
function).  For grass height and greenness we used log transformed values in order to
comply with assumptions of normality. Shapiro-Wilks tests were used to determine that
this assumption was not violated.
Thirdly, we examined possible effects of local vegetation structure (grass height) and
quality (greenness) on bait removal within plots. Here we used the bait removal per indi-
vidual bait bag (n = 120), along with a range of grass height and greenness values at
different scales. These were calculated as the average of all the vegetation records within a
1 m, 2 m, 3 m or 4.5 m diameter circle around each bag. To account for spatial autocorre-
lation between bags within sites, these models were constructed with a nested structure,
Factors influencing termite activity 105
specifying the individual bags as nested within each site and specifying site as a random
factor (using the lme function from the nlme package (Jose Pinheiro et al. 2009)). All
analysis was conducted in R version 2.11.1 (R Development Core Team 2013). 
Results
The termite sampling method was rather unsuccessful, resulting in only a small number of
termites to identify. However, we feel the samples are, at the very least, indicative of those
present and active at our bait bags. We identified 7 genera of termites on, in or under the
bait bags. Of these, 5 genera, comprising >70% of all termites found, belonged to the
fungus growing sub family Macrotermitinae (table 5.2). The number and assemblage of
termite genera found here are similar to those found in other African studies that consid-
ered grass litter feeding termites (Buxton 1981a and references therein, Schuurman 2005,
Freymann et al. 2010a, Davies et al. 2013).
Although bait was removed from all (control and treatment) bags at all sites, for all 4
months of the experiment, far more was removed from the treatment bags than the
controls (Fig. 5.4). The rate of removal in the treatment bags varied significantly between
sites (Fig. 5.4, F(1,9) = 42, p < 0.001) and months (F(1,3) = 1080, p < 0.001), and the
differences between sites changed as the months continued (F(1,9) = 8.7, p < 0.001). In
the control bags the removal also varied significantly between sites (F(1,9) = 3.48, p =
0.002) and months (F(1,2) = 174, p < 0.001) but the differences between sites did not
change significantly over time. Absolute removal from the treatment bags slowed after the
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Table 5.2 Numbers and genera (grouped into subfamilies) of termites sampled in, or under, bait
bags at each site. All genera found belong to the Termitidae family. Sites are ordered by annual rain-
fall, from driest to wettest. In addition to the samples detailed here a further 31% of samples
collected remain unidentified. All genera names should be completed with the suffix ‘termes’ (e.g.
Microtermes, Allodontotermes, etc.).      
Macrotermitinae Termitinae  Nasutiter-
mitinae
Site Micro. Allodonto. Ancistro. Odonto. Macro. Microcero. Trinervi. Total %
Thob 6 2 1 0 0 2 0 14
Mon 1 0 5 2 0 3 2 16
Gqoy 6 0 1 0 0 4 1 15
Maqa 3 1 3 0 1 1 0 11
Ceng 4 0 0 0 0 2 0 8
Nomb 1 0 1 0 0 0 0 3
Nyal 1 1 0 0 0 0 0 3
Cent 1 2 0 0 0 4 0 9
Ledu 1 0 0 0 0 0 0 1
Mant 9 1 1 2 0 3 0 20
Total % 42 9 15 5 1 24 4 100
first month but continued at a relatively constant pace from the control bags throughout
the experiment (Fig 5.4). 
We found no termites, signs of termite activity (soil sheeting, tunnels etc) or other
invertebrates present in, or around, the bait bags in the sand buckets (control bags) and
therefore we consider them to be acceptable controls. Following this, we attribute bait
removal in these bags to microbial decomposition. 
For the treatment bags, our results indicated that most removal of litter was due to
termites. This was shown by a significant, positive, relationship between the termite
evidence recorded in the plots and bait removal in the first month, for both the large, 100
x 100 m (F(1,8) = 8.14, p = 0.024) and small, 34 x 14 m (F(1,8) = 6.89, p = 0.03) plots.
In the following months there were trends towards significance in both plots (large plot
month 2: F(1,8) = 4.04, p = 0.08, month 3: F(1,8) = 2.96, p = 0.124, month 4: F(1,8) =
4.62, p = 0.064. Small plot month 2: F(1,8) = 4.74, p = 0.061, month 3: F(1,8) = 3.98,
p = 0.081, month 4: F(1,8) = 4.06, p = 0.079). At no point in the experiment did we find
a preference for either grass spcesi used as bait used in the treatment bait bags (F(1,118) =
<0.58, p > 0.45). In the control bags there was a trend towards more removal of P.
maximum in month 2 (F(1,16) = 4.3, p = 0.06) but not for any of the following months
(F(1,16) = <0.93, p > 0.35). 
At the large scale (between sites) we used mean removal values for all the bait bags at
each site as the response variable. Rainfall was highly correlated to grass height in the
large plots (F(1,8) = 4.18, p = 0.003) and therefore it was not an independent predictor
variable, and we did not examine the effect of grass height on bait removal. Rainfall was
not correlated with grass height in the small plots (F(1,8) = 0.81, p = 0.44) (14 x 34 m
plots) and so we continued to use this as a predictor. Grass height and biomass were signif-
icantly correlated (r 0.56, p < 0.001) and so we only used grass height in analysis. 

































Figure 5.4 The rate of removal from each site over the 4 months of the experiment. Removal is
shown as grams removed. N.B. Multiple bait bags were used at each point with 1 removed each
month to be weighed. The removed bags were not replaced in situ and the following month a
different bag was removed, in this sense the bags were independent measures (rather than repeated
measures) over time, which accounts for the apparent biomass gain at some sites between months.
We found a strong decline in the amount of bait removed from the treatment bags as mean
annual rainfall increased (month 1: F(1,8) = 17.83, p = 0.003, month 2: F(1,7) = 11.24,
p = 0.012, month 3: F(1,8) = 8.43, p = 0.02, month 4: F(1,8) = 9.01, p = 0.017). The
opposite effect was observed in the control bags with increasing bait removal with
increasing mean annual rainfall (Fig 5.5). These observations were found throughout the
experiment (month 1: missing data, month 2: F(1,7) = 6.84, p = 0.035,  month 3: F(1,8) =
6.35, p = 0.036,  month 4: F(1,8) = 6.32, p = 0.04) (Fig 5.5). 
Increasing grass height and presence of herbivores (i.e. sites outside exclosure fences)
both had negatives effect on termite activity (Fig 5.6.). We found that at equivalent vege-
tation heights, termites removed more litter from litter bags inside than outside exclosures.
(month 1: Herbivores F(1,6) = 4.93, p = 0.07 Height F(1,6) = 9.26, p = 0.02, month 2:
Herbivores F(1,6) = 6.16, p = 0.05, Height F(1,6) = 32.98, p = 0.001, month 3: Herbivores
F(1,6) = 5.76, p = 0.05, Height F(1,6) = 24.59, p = 0.003, month 4 (trend): Herbivores
F(1,6) = 3.73, p = 0.09, Height F(1,6) = 19.75, p = 0.004) but there were no significant
interaction effects. In the control bags there was no effect of either grass height or herbi-















































Figure 5.5 Figures showing the proportion of biomass removed from bait bags over the 4 months of
the experiment (A:month1, B:month2, C:month3, D:month4). The dark grey circles are the data
points and solid line is the regression line for removal from the treatment bags, the light grey circles
and dashed line, removal from the control bags. In both cases rainfall has a significant effect on bait
removal in each month.
Since all the soil properties were correlated with either other factors previously
mentioned (rainfall), or each other (EC, Mg, K, Ca and soil organic matter) we only
analysed 1 representative factor for the soil group - EC (see methods). We found no effects
of this soil factor on bait removal in any month (F(1,8) = <0.57, p > 0.47).
In contrast to the plot scale findings described above, we did not find any within site,
significant relationships between bait removal and grass height at the 2, 3 and 4.5 meter
scales. We did find a negative relationship between taller grass in an area of 1m diameter
around the bait bags and removal in the first month (F(1,89) = 4.07, p = 0.047) but not
for any of the following months.
Discussion
Our results suggest that at different temporal and spatial scales, termite activity is regu-
lated by different factors (Fig 5.7). At the largest scale examined here (1 ha) we found, like
many others, that rainfall was highly correlated with the quantity of grass available (Desh-
mukh 1984, McNaughton 1985, O'Connor et al. 2001). However, at smaller scales this no
longer held true. Within our study system variation in primary productivity, at scales less
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Figure 5.6 Grass height in the small (14x34) plots and bait removal inside (black circles) and
outside (open circles) exclosure fences.
than 1 ha, are determined by factors other than rainfall. This allowed us, for the small-
scale plots, to test for an effect of rainfall and grass height separately. We found that
increasing grass height negatively affected termite activity at the small plot scale and the
individual bait bag scale. Bait bags positioned inside herbivore exclosures experienced
more termite activity. Whereas neither grass height nor herbivore presence affected the
bait removal from the control bags. Rainfall however, had a positive effect on bait removal
from control bags and a negative effect on termite activity.
Our results support previous studies that found a negative effect of rainfall on termite
activity (Schuurman 2005, Buitenwerf et al. 2011). We used the same rainfall data in the
analysis of each month’s removal data (i.e. the rainfall values did vary per month).
Although the analysis for each month’s data removal was conducted with unchanging
rainfall, the effect was most pronounced in the first month and weakened as time
progressed. Therefore the changing relationship with rainfall, despite no difference in rain-

















increasing spatial and temporal scales
Figure 5.7 1, Herbivore presence negatively effects termite activity, at the scale of this study,
through damage to foraging structure, compaction of soils and competition for resources. 2, Vegeta-
tion Structure had a negative impact as grass biomass increased we proposed this due to the
creation of favourable conditions for free living microbes and inaccessible food resources.3, In this
study we did not find any effects of soil properties tested on termite activity. 4, In addition to
strongly influencing the other 3 factors tested here, areas with higher rainfall are more suitable for
free living microbes and therefore areas of higher competition for food resources between them and
termites. The spatial scale of influence is also summarised by this figure; rainfall has a landscape
scale effect whilst the other factors and have more localised effects.
Rather than any direct impact of rain on specific termite foraging decisions at each site,
the removal rates seem to be a reflection of the densities of the termites present at each
site. The large initial differences in removal represent the large differences in the densities
of foraging termites (as reflected in the increased termite evidence, at each site, with
decreasing rainfall) and therefore, the time taken to locate and building foraging struc-
tures to the bait bags. Once a colony has found the bait, and built the infrastructure, they
can specifically target and remove bait at a more constant rate (Arab and Costa-Leonardo
2005). Although we found multiple termite genera at each bag, these were largely domi-
nated by fungus growing genera (table 5.2), especially at the driest sites. Fungus growing
termites tend to avoid competitive interactions with each other (Dangerfield and Schu-
urman 2000, Korb and Linsenmair 2001b), therefore, once a colony has located a bait bag
it may use it exclusively until it is depleted, making differences in termite densities much
less important once the bait is located. This then, may explain the reduction of
rainfall/termite density effects after the first month. 
We suggest that the mechanism through which rainfall affects termite density is
competition with other decomposers. Decomposition processes, especially in savannas are
largely influenced by soil moisture (Yoda and Nishioka 1982, Holt and Coventry 1990). In
dry areas, or periods, there may be little or no competition between termites and free
living microbes for food. However, at the wetter sites, this competition may become an
important factor (Holt 1996, Yamada et al. 2007). In addition, fungus-growing termites
(Macrotermitinae)  may be reluctant to choose litter that has already been exposed
to/infected by free living microbes, in order to avoid introducing harmful microbes to their
symbiotic fungi (Buxton 1981a). The bait removal from the control bags gives us circum-
stantial evidence for a negative relationship of termites with microbes. In these bags there
was a significant, positive, effect of rainfall on bait removal. In the absence of termites, or
other litter-fragmenting macrofauna, we assume this removal was due to the decomposi-
tion activities of free living microbes, increasing as the wetter conditions facilitated their
activity. We assume this is a very conservative estimate of microbial decomposition as the
control bags were not in direct contact with the soil surface. At the soil surface there is
likely to be a much larger and more diverse microbial community, competing with termites
for food sources. 
We think that competition with microbial decomposition may also explain why, in our
study, termite activity declined with increasing grass height. Other studies, on a range of
termites, have found that they prefer to forage under litter, in a relatively cooler microcli-
mate (Ettershank et al. 1980, Smith and Rust 1994, Long et al. 2001). Tall, dense, vegeta-
tion may create such a microclimate near the soil surface. Consequently, we may expect
tall vegetation to have a positive effect on termite activity. However, the ambient tempera-
tures during our study were well within the range of temperatures given as acceptable
(14 – 35 deg. C) for termite foraging (Ohiagu 1979, Adam et al. 2008) and so shelter may
not have been necessary. Hence, we believe that in our system, the negative impact of
taller grass in promoting competitive microbial activity outweighs the potentially positive
microclimatic effects of taller grass for termites. 
Like other authors, studying a range of termite genera (Ettershank et al. 1980, Long et
al. 2001, DeSouza et al. 2009), we did not find any preference for food resource quality in
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this study. The presence of symbiotic microbes in the gut and or fungal comb means that
termites are less restricted by food quality in the sense usually referred to (often C:N ratio)
in relation to mammalian herbivores.  Rather than this grass quality, it may have been the
structure that presented foraging problems for termites (Stein et al. 2014). Few termite
species/genera have been reported to take standing grass material (Adam and Mitchell
2009). Tall grass is also less attractive to most large mammals (Kleynhans et al. 2011).
Without large mammals trampling and dropping grass fragments (Cumming and
Cumming 2003), the taller grass may be inaccessible to termites creating a shortage of
food at the soil surface. Lastly, tall grass, ungrazed and allowed to senesce, creates
increased fuel loads for fires. Because of the strong positive correlation between rainfall
and fire frequency we were not able to investigate this link but Yamada et al (2007) found
fire to be the most important competitor with termites for food resources. Davies, Eggleton
et al. (2012) found less clear fire effects on termites but, that indirect effects via food
shortages caused by fire were more pronounced in wetter areas. Therefore, areas with tall
grass, facilitating both microbial decomposition and higher fire frequencies may result in
lower termite densities. 
Our results showed a trend towards a negative effect of herbivore presence on termite
activity, when corrected for vegetation height. This is a seemingly paradoxical outcome;
termites are negatively affected by increased grass height, yet also negatively affected by
herbivore presence, despite the associated decrease in biomass that occurs with grazing
(Hagenah et al. 2009, Staver et al. 2009). A possible explanation is that there were fewer
termites outside exclosures than inside, however, we found no differences in the amount
of termite evidence between the 2 plots types (table  1). A second possible explanation is
that outside exclosures herbivores trample and drop grass fragments and dung (Cumming
and Cumming 2003, Freymann et al. 2008), providing the termites with ample food. This
may render our bait less attractive, and therefore, result in less removal. An alternative
explanation, possibly in conjunction with that stated previously, is that large herbivores
can cause direct damage to termite structures (Ruggiero and Fay 1994), cause soil
compaction by trampling, making foraging more difficult (Schrama et al. 2012), and
compete for resources, consuming grass that would otherwise be available to termites
(Benzie 1986). This competitive interaction with large herbivores was possibly exacer-
bated by the season in which we conducted the study. This study was conducted in the wet
season, when increased microbial activity may have been possible (Holt and Coventry
1990, Lavelle et al. 1993, Ekaya and Kinyamario 2001). This could result in termites
having to compete for food items with both microbial decomposers and large herbivores.
This finding may have been less pronounced if we had conducted the experiment in the
dry season. 
Conclusions
At all spatial scales there was considerable variation in termite activity, both between and
within sites. Our findings suggest that rainfall determines termite activity patterns across
large temporal and spatial scales, while at smaller scales other, more direct cues may
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determine termite activity. Our results indicate that large herbivore presence and grass
conditions are some of the more important local drivers of termite activity, while we find
no support for additional effects of soil parameters or vegetation quality. DeSouza et al
(2009) remarked that “Climate determines foraging intensity but trophic controls fine-
tune activities”. We suggest that factors that facilitate microbial decomposition are the
fine-tuners of termite activity and, therefore, the impact of termites on savanna decompo-
sition is greatest in dry periods of time or space.
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The aim of this thesis was to describe, and explain, vegetation structural heterogeneity
across a range of scales, from 1 m2 to 0.25 km2 in Hluhluwe iMfolozi Park (HiP), South
Africa. The particular focus was on the effect of 2 groups of biotic drivers of vegetation
heterogeneity, termites and rhino, against variation in background abiotic drivers. Both
termites and rhino have been described as ecosystem engineers. The effects of termite
mounds have been well documented elsewhere, but rarely have direct comparisons been
made of mounds built by multiple different genera in a single study. Unlike termites, the
effects of rhino have often been referred to as important, especially as creators of hetero-
geneity, but little research has been done to support these claims. This thesis documents
the density of rhino features and their effects on the surrounding vegetation. An addi-
tional, and unique, feature of this thesis is the direct comparison between the rhino and
termites; mega- versus micro- herbivores.  
In this synthesis I will discuss how the various chapters contribute to knowledge
pertaining to savanna vegetation heterogeneity (Fig. 1.3, Introduction). I will start with
the comparison of abiotic and biotic drivers and the scales at which either group affects
vegetation within the context of this thesis. Next I will look at the findings in relation to
the effects of megaherbivores (rhino) and microherbivores (termites); what relationships
did I find, how do they compare, and how do they differ? I will then discuss how the
different termite mounds examined in this thesis differ in their impacts on the
surrounding vegetation. Next I will summarise my findings related to what factors are
related to termite activity. Lastly I will put these findings into a broader context and
suggest some avenues for future research. 
Abiotic vs. biotic factors
Factors that shape savanna heterogeneity have been described as hierarchical and inter-
linked, with abiotic factors creating the large scale template on which biotic process then
act (Wu and Loucks 1995, Gillson 2004). Following this we expected to find abiotic
factors important in creating vegetation structural heterogeneity at the largest scales we
examined, and biotic factors important at the smaller scales (Bailey et al. 1996, Cromsigt
2006). We also expected to find hierarchy within the 2 groups of factors; such as, rainfall,
the underlying geology, topography or aspect all influencing the landscape on decreasing
scales within the abiotic group (Lavelle et al. 1993, Augustine 2003b, Asner et al. 2009).
Similarly, because of the extent of specific impacts, we expected decreasing spatial influ-
ence of fire, megaherbivores and termites within the biotic group. In contrast to these
expectations, we found no spatial hierarchy of effects between or within abiotic and biotic
factors. Rainfall has been widely reported as an important large scale driver of savannas
heterogeneity (e.g. Coughenour and Ellis 1993, Walker and Langridge 1997, Sankaran et
al. 2005). We found that it was a significant predictor of shrub canopy cover and a signif-
icant, if minor, predictor of bunch grasses cover. At the larger scales examined it was no
longer significantly related to any of the vegetation cover types (chapter 2, table 2.1). In
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chapter 5 we found that rainfall negatively affected termite activity (Fig. 5.5, chapter 5).
We suggest that this is because termites are subject to stronger competition for food
resources in wetter area where microbes are able to function. We found strong effects of
termites on vegetation throughout this thesis. Since microbes maybe important in influ-
encing termite activity (Holt 1996, Yamada et al. 2007) and termites are important in
shaping the vegetation landscape, then perhaps the effects of rainfall on vegetation are
linked with very small space processes governing free-living microbial action. In chapter 5,
we found that grass height was positively correlated with rainfall in our largest plots of
100x100m, but that this correlation no longer held true in the smaller plots (34x14m). This
suggests that other factors override the template set by variation in rainfall at these scales. 
As in other studies, topographical factors (slope, elevation) were found to be impor-
tant drivers of vegetation structure (Scholes and Walker 1993, Carmel and Kadmon 1999,
Colgan et al. 2012, Stein et al. 2014). Visible rocks (indicating shallow soils) and slope
were found to be the most important abiotic predictors of vegetation structural hetero-
geneity. Despite varying on very small scales, they were significant predictors of vegeta-
tion type across all the scales examined. Both visible rocks and slope are likely to affect
vegetation in similar ways. Firstly, both steeper slopes and shallower soils are likely to be
nutrient poor and dry  (as water runs down hill carrying nutrients with it) (Scholes and
Walker 1993, Franz et al. 2011, Colgan et al. 2012). This would explain why they posi-
tively affect bunch grasses and shrubs over lawn grasses that tend to occur in areas with
higher nutrients, and trees that require deeper soil for rooting. Secondly steeper slopes
and more rocks may also have similar impacts, directly and indirectly, on herbivory. Many,
if not most, herbivores are disinclined to forage on slopes, preferring to stay on crests, in
valleys or, if necessary, on contour paths (Ganskopp and Vavra 1987, Bailey et al. 1996).
They also find it hard to walk in very rocky areas and will not risk damaging a limb
should they need to move fast on such uneven terrain. This reduces disturbances caused
by herbivory and so, once again, would favour bunch grasses (McNaughton 1984;
McNaughton, Banyikwa et al. 1997) and potentially woody species. 
The biotic factors we examined did not operate at smaller scales than the abiotic
factors as we expected. Fire was significantly negatively correlated with both lawn grass
and trees, but only at the 2 smallest scales (50 and 100 m). It was positively correlated
with shrub cover across all scales but only had a large effect at the smallest scale (50 m)
and did not affect bunch grass at any scale. Termites had a stronger effect than fire,
affected all vegetation types and their impact on vegetation was relatively consistent
across all scales of the study. The effects of large mammal-created infrastructure were the
weakest of the biotic factors, however their effects did appear to be strongest (on shrubs
and lawn grass) at an intermediate scale of 250 m. The termite and large mammal
created infrastructure effects are discussed in more detail below.
Mega vs micro herbivores
At scales of 50 – 500 m, we found a larger effect of the micro-herbivore structures than
the megaherbivore created structures (table 2.1, chapter 2). At the more local scales
(1–6 m) we found that megaherbivore-created hotspots of nutrient concentrations
(middens) had a similar type, and extent, of effect to termite mounds, but because of
their much lower density they affect far less of HiP (table 3.2, chapter 3). In both cases
we attempted to look at long-term effects of large mammals, specifically rhino, via the
features and infrastructure they create in the landscape, such as wallows, middens and
game paths. The distribution of these features was negatively correlated with shrub cover
at all scales (0–500 m), with trees at (50 & 100 m), bunch grass at 0–2 m, and positively
with lawn grass at 0, 50 and 250 m. Although these were significant correlations, with
the exception of shrubs, they were usually not the strongest predictor, nor the strongest
biotic predictor. 
The density of termite mounds, particularly of the genus Macrotermes, were strongly
positively related to tree cover (0–500 m) and lawn grass at scales of 50-500m, and nega-
tively with bunch grass from 0-250m (table 2.1, chapter 2, table 3.1, chapter 3). In
chapter 3, I explored the effects of rhino and termites on a smaller, more local scale than
chapter 2; at the scale of the individual rhino, or termite, feature. The findings in this
chapter also supports the idea that invertebrates can be as, if not more, important than
large mammalian herbivores (Sinclair 1975, Okullo and Moe 2012b, Stoen et al. 2013).
At a local scale rhino middens had a similar impact on vegetation heterogeneity in terms
of relative change and affected a larger area than termite mounds (figures 2 & 3, chapter
3). However, the density of termite mounds was much higher and so the mounds had a
larger, overall, impact (table 3.2, chapter 3). This is despite the fact that the study site,
HiP, has the highest densities of rhino in the world, making up more than a third of the
grazing biomass (Waldram et al. 2008). Therefore, in all other areas where there are
fewer, or no, rhino, termites are likely to be even more important in shaping vegetation
heterogeneity than they are in HiP. These results from chapter 2 and 3 suggest that
termites and their mound structures have a more dramatic influence on vegetation than
large herbivores. However, it is important to note that whilst the effects of termite
mounds are likely to be incorporate both direct (feeding) and indirect (soil engineering)
termite impacts, the large herbivore created features examined do not encompass any
direct, feeding related, impacts and so the comparison between the 2 taxa is not entirely
fair. The weaker effects of the large herbivore created features, recorded in chapter 2 and
3, on vegetation heterogeneity may indicate that the indirect effects of herbivory are less
important than the direct effects of foraging. Large mammals have been cited as impor-
tant drivers of savanna heterogeneity (Owen-Smith 1988, Waldram et al. 2008, Cromsigt
and te Beest 2014b). They influence plant structure and species composition through
direct effects on plants of biomass removal whilst feeding (Coughenour 1985, Milchunas
et al. 1988, Novellie and Bezuidenhout 1994), and indirect effects such as trampling and
soil compaction, or soil erosion and microclimate change (Cumming and Cumming 2003,
Veldhuis et al. in review). Since most studies of herbivory focus on feeding sites, often
paired with herbivore exclusion sites, the impacts of direct and indirect effects are
confounded (Young et al. 1997, Adler and Lauenroth 2000, Asner et al. 2009). In chapter
2 and 3 we examine only the indirect effects of large herbivore created features. None of
the features recorded are feeding sites, or convey any direct data on feeding intensity,
selectivity or extent. Yet most display the characteristics of large mammal presence
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usually described as indirect effects of feeding. Game paths, wallows and rubbing posts
are characterised by increased bare ground and trampling, leading to soil compaction,
increased erosion potential and altered microclimate. Many features, especially middens,
also experience increased dung and urine deposition from passing mammals (in addition
to rhino). Despite this, and the clear localised effects of middens, we found limited
impact of the large mammal created structures on the surrounding vegetation at larger
scales.
Unlike the patchy effects of large herbivore created structures, the effects of termite
mounds, particularly Macrotermes, were clear and consistent across all scales on all vege-
tation structures. In this study we did not find any direct evidence (i.e. an increase in
dung deposition towards mounds) for increased herbivory on and around mounds (Fig.
2c, chapter 3). Several other studies have found strong relationships between mound
presence and increased herbivory, both browsing and grazing (Loveridge and Moe 2004,
Mobaek et al. 2005, Brody et al. 2010). It is possible that we did not find this relationship
in HiP because it is a relatively nutrient rich savanna, unlike the majority of the savanna
biome where termite mounds are important sources of nutrients (Whateley and Porter
1983, van der Plas et al. 2013a, Arnold et al. 2014). This means that herbivores are in less
need of the additional nutrients provided by the termite handled soils in HiP than in
many other places. However, because rhino defecate on middens dung deposition rates
can not be used to asses their visitation of an area. Therefore, we can not exclude rhino
termite interactions occurring through preferential grazing by rhino around middens as
has been reported in Kruger (Cromsigt and te Beest 2014a).  Following on from this the
importance of termites, their mounds specifically, in shaping the landscape may be even
stronger in savannas elsewhere than in HiP because of their interactions with rhino
(where present) and other herbivores.
Many studies, have discussed the importance of hotspots of biotic activity, such as
termite mounds, wallows, or old boma sites, in creating heterogeneity in the landscape
(Augustine et al. 2003, Archibald 2008, Cromsigt and Olff 2008b, Waldram et al. 2008,
Arnold et al. 2014). These hotspots are generally areas with higher nutrient availability
either in the soils, and or the plants found there (Cromsigt and Olff 2008b, Anderson et
al. 2010, Arnold et al. 2014). The additional nutrients attract (other) large herbivores
that feed on the local vegetation preferentially and initiate feedback cycles which main-
tain the areas (McNaughton 1988, Cromsigt and Olff 2006, Grant and Scholes 2006).
Maintenance occurs through additional nutrient depositions via defecation and urination,
and through feeding impacts on plants themselves (Waal et al., Ruess and McNaughton
1984, Anderson et al. 2010). Sustained herbivory results in plants being kept in an imma-
ture and nutritious condition and ultimately selects for grazing tolerant, highly palatable,
plant species (McNaughton 1984, McNaughton et al. 1997). Lastly, biomass removal
reduces fuel loads, and therefore fire frequency and intensity, which means these areas
become refugia from fire and fire sensitive plants can establish (Archibald et al. 2005,
Archibald 2008, Joseph et al. 2013). 
Various origins of these hotspots has been suggested, from old cattle bomas, where
repeated defecation by cattle, fenced in overnight pens (kraaled), created the initial
nutrient enrichment, to termite mounds where the termite handled soils are the source of
the additional nutrients (Blackmore et al. 1990, Young et al. 1995, Augustine 2003a,
Loveridge and Moe 2004, Veblen 2012). Termites not only enrich the soils, but they also
remove a large amount of vegetation comparable to that removed by mammalian herbi-
vores (Deshmukh 1989, Moe et al. 2009b, Sileshi et al. 2010). Therefore, termite
herbivory may have similar influences on vegetation as those described for large herbi-
vores.  
In chapter 2, I explored if megaherbivore created features (middens, wallows etc)
were associated with one and other, and if they and termite mounds were also associated.
In other words are there biotic ‘super hotspots’ where both termite mounds and megaher-
bivore infrastructure features are located close together? Or, does the presence of one
ecosystem engineer encourage the presence of another? I performed an additional prin-
cipal component analysis (PCA) on the data collected for chapter 2 (see methods section,
chapter 2 for more details on the data). This additional analysis shows that there are 2
clear PCA axes which explains the majority of the variation in the occurrence of the biotic
factors we measured (Fig. 6.1A). The first axis (Fig. 6.1B) described the occurrences of all
the large mammal infrastructure, which were all grouped closely together with the excep-
tion of dust baths. Dust baths may be grouped separately as they are used by a different
suite of mammals than those that use wallows and subsequently rub on rubbing posts
(e.g. plains antelope such as zebra and wildebeest rather than wallowing species such as
rhino, buffalo and warthogs). This leads to speculation on the abiotic factors that may





































Figure 6.1 (A) The scree plot generated from PCA analysis biotic factor data. The plot shows that
the first 2 axis explain 29% of the variation (17.6 and 11.4 respectively) in biotic factors recorded
(see chapter 2 methods section for more detailed information on the data and its collection). 
(B) The PCA plot shows that all the large mammals features, with the excleption of dust baths are
grouped on the first axis, PC1 and the termite mounds grouped on second axis, PC2. Abbreviations:
Tri – Trinervitermes mounds, Odon – Odontotermes mounds, Macr – Macrotermes mounds, Db – dust
baths, W- wallows, PI & PII – game paths (type I broad and bare, type II narrow and bare), Sc & Te –
middens (scattered middens and territorial middens).
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wallows are probably limited by underlying soil conditions (i.e. high enough clay content
of the soil to hold water), game paths and rubbing posts that arise to and from wallows,
and middens are then located in places convenient for rhino use, close to these other
features. Since rhino regularly use these features, it stands to reason then, that they
would create and maintain grazing lawns in relatively close proximity to these concentra-
tions of other features, especially when the small size of rhino territories are considered
(White et al. 2007, Waldram et al. 2008). Middens were indeed grouped closely with the
wallows, rubbing posts and game paths supporting this speculation. We also found many
other grazer species (in addition to rhino) dung on, or near, middens (Fig. 3.4, chapter 3)
including those of species that do not wallow (such as zebra etc.) indicating that these
other species do indeed use these areas, increasing the grazing potential in such areas. It
was this potential hotspot of large herbivore activity that prompted our use of these
features in this study, with the expectation that we would find them grouped together,
and significantly altered vegetation around such areas or features. Specifically we
expected the development of grazing lawns in these areas because of the intense grazing
pressure (Augustine et al. 2003, Waldram et al. 2008). Although we did find a positive
effect of these large mammal created features on lawn grass cover, it was not consistent
across all scales and was weaker than the effect of Macrotermes mounds. 
The second PCA axis identified captures the occurrences of all 3 of the termite
mounds. This indicates that, in HiP there does not appear to be ‘super hotspots’ of biotic
activity, where both mega- and microherbivores congregate and influence the landscape
together. This may be a result of the type of features that we measured; for example, it
may be unlikely that a midden or a wallow will be found on a termite mound. However,
since termite mounds have been noted as especially attractive to large mammals, for
feeding and as territorial markers, in other areas they may actually make ideal locations
for such features. In addition, there is some suggestion that wallows develop from eroded
and worn down Macrotermitinae mounds, since mounds are concentrations of clay that
may create a lining for a pool that can hold water (Melton 1972). If this is true then the
clay content of the soil maybe responsible for the distribution of both Macrotermes
mounds and of wallows and therefore, the other associated large mammal features and
therefore for all the biotic created vegetation heterogeneity documented. The findings in
chapter 5, does not support this hypothesis, as we did not find a significant effect of soil
clay content on termite activity. However the soils in HiP meet the minimum requires of
clay content for termite mound building so this may not be a limiting factor in this area
(Levick et al. 2010a).  
Since we did not find any evidence for increased herbivory on  the mounds, or a rela-
tionship between the occurrence of termite mounds and occurrence of large mammal
infrastructures, our results maybe an indication that drivers of heterogeneity in HiP
maybe different to those in other places. For instance, in Kruger national park, South
Africa, rhino have been reported as moving from termite mound to mound to graze the
lawn patches there (Cromsigt and te Beest 2014b), and in Zimbabwe black rhino are
drawn to termite mounds to feed (Loveridge and Moe 2004), as are elephants (Ruggiero
and Fay 1994, Holdo and McDowell 2004).  Despite a lack of direct evidence of herbi-
vores being attracted to termite mounds (Fig. 3.4, chapter 3), we still attribute the effects
of Macrotermes mound soil on vegetation change (Fig. 4.4, chapter 4), to termite-herbi-
vore interactions. We suggest that the addition of Macrotermes mound soil resulted in a
greater change because those soils are rich in micro nutrients (esp Na and Ca, table 4.1,
chapter 4) that are limited elsewhere in savannas. This then attracts herbivores to forage
in the areas with the mound soil additions (Ruggiero and Fay 1994, Holdo and McDowell
2004). This suggestion may appear to be contradictory to our findings around the
mounds in situ described above. However, the mounds around which we measured vege-
tation were intact, functioning mounds. The soil coverings of which are extremely hard
and maintained by the termites to be inaccessible to the vast majority of large mammals
(Rogers et al. 1999, Holt and Lepage 2000), with the possible exception of aardvark,
(Taylor et al. 2002). When these colonies die and the mounds begin to erode, the soils
and minerals they contain will then become more accessible and so possibly attract herbi-
vores at that point. Mounds built by other species may not be as hard as the Macrotermes
natalensis mounds (found in HiP) and so may give easier access to the nutrients for
plants and animals, and so explain the findings of increase herbivory. 
Differential termite effects
Throughout this thesis I have found important differences in the type and extent of effects
around the mounds of different termite species (Fig. 6.2). As other authors have reported,
the findings here demonstrate that caution should be applied when generalising about
‘termite effects’ (Jouquet et al. 2004a, Schuurman 2006), even within a single feeding
guild, between mound builders, or from the same subfamily. Chapters 3 and 4 define the
different structures and functions of the 3 termite mounds examined in this thesis (Fig.
4.1, chapter 4, (Fig. 3.1, chapter 3). These differences result in variation in mound soil
characteristics, which in turn play a role in the impacts they have on the surrounding
vegetation. The largest and most structurally robust of the mounds, built by Macrotermes
natalensis, were also the second most common at the study site (table 3.2, chapter 3 and
table 4.1, chapter 4). These mounds contributed most to vegetation heterogeneity in HiP.
The reasons behind this maybe due to their size, and related to that, the nutrients
contained within the mound soils. The mounds are fairly large (Fig. 3.1, chapter 3). In
order to maintain their structural integrity the termites preferentially find and use clay
particles to build them. The clay building materials results in these soils being rich in
micro nutrients, as mentioned above, and possibly attracting large herbivores that
concentrate foraging efforts on, and around, the mounds. The large mounds also house a
large population of termites. These termites remove a large amount of vegetation (equal
to, or more than, that of large herbivores) from on and around their mounds, both for
food and to maintain the structural integrity of their mounds (Rogers et al. 1999, Jouquet
et al. 2004a). This biomass removal influences plant-plant competition, and the reduced
the fuel load creates a refugia from fire. Both of these effects result in the changes to the
surrounding vegetation seen in this, and other, studies (Jouquet et al. 2004a, Joseph et al.
2011, Joseph et al. 2013). The smallest mounds, built by Trinervitermes spp., were the
most common in the study area. Their mound soils also contained the highest levels of
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macro nutrients (table 4.2, chapter 4), and they influenced the vegetation immediately
around them (table 3.1, chapter 3). However they did not influence large scale vegetation
patterns (table 2.1, chapter 2). The mound soil application also resulted in the least
changes to the vegetation (Fig. 4.4, chapter 4). The lack of effects of Trinervitermes
mounds on the landscape may be because they are too small to engender large herbivore
interactions and initiate feedbacks that result in maintained changes in vegetation
(Archibald et al. 2005, Cromsigt and Olff 2006). Alternatively, it maybe because, as previ-
ously mentioned, HiP is a relatively nutrient rich area where macro nutrients are less
limiting than some of the micronutrients found in the Macrotermes mounds as mentioned
above.
Odontotermes mounds were intermediate in their size, soil nutrient alterations, and
effects. The local effects of Odontotermes mounds were similar in extent to those of
Macrotermes, yet their low density meant they had little large scale impact. At the largest
scale they were negatively correlated with shrubs but no other vegetation type (table 2.1,
chapter 2). However, at the local scale there was no significant effect of Odontotermes
mounds on shrubs. Odontotermes mounds are found in open areas, with less trees and
shrubs than the other mounds. Elsewhere Odontotermes were shown to prefer grasses,
especially stoloniferous or lawn grasses, and to facilitate for this preference by pruning
away the roots of less favoured species (Konate et al. 1998, Jouquet et al. 2004a). This
then may explain why they are found in open areas – they remove the other vegetation.
However, the explanation may also lie in their interaction with Macrotermes. Macrotermes
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Figure 6.2 A summary of the main findings regarding each of the 3 termite mounds examined in
this thesis.
(de Visser unpublished data) and are certainly found in wooded areas. Since Macrotermes
are competitively dominant over Odontotermes (Korb and Linsenmair 2001b), Odon-
totermes may only be able to survive in open areas, less well suited to Macrotermes.
Factors influencing termite activity
The results of chapter 3 suggest that some termites have distinct food preferences, and
cater for their preferences by directly influencing vegetation around their termitaria.
However, we found no effects of food quality on the termite activity, either as bait, or in
the surrounding vegetation (chapter 5). Other authors have reported termite preferences
related to food quality (Rouland et al. 2003, Jouquet et al. 2004a, Adam et al. 2008).
Perhaps the difference in the bait used in this study was not large enough, or the time
scale/season of the study not long enough, to pick up any trends. Alternatively it may link
back to the issues of generalising about all termites. The bait was available to any litter
feeding termites. Although our sampling technique was not particularly effective, we
identified samples of 7 different genera, of which there may have been multiple species
present. Since these species may have different food preferences, the diversity of termites
feeding from the bait may have masked any particular species or genera feeding prefer-
ences. It is quite possible that termites with fungal symbionts, as Macrotermes are less
sensitive to variation in litter quality and will take any food available. 
That grass height has a negative effect on termite activity at the very small and large
plot scale, is somewhat of a surprise. Other studies, on a range of termites, have found
that they prefer to forage under litter, in a relatively cooler microclimate (Ettershank et al.
1980, Smith and Rust 1994, Long et al. 2001). Tall, dense, vegetation may create such a
microclimate near the soil surface. Consequently, we expected tall vegetation to have a
positive effect on termite activity. However, the ambient temperatures during our study
were well within the range of temperatures given as acceptable (14 – 35°C) for termite
foraging (Ohiagu 1979, Adam et al. 2008) and so shelter may not have been necessary.
Hence, we believe that in our system, the negative impact of taller grass was related to
the promotion of competitive interactions with microbial activity which outweighs the
potentially positive microclimatic effects of taller grass for termites (Holt 1996). 
Future Research
Termites are receiving more attention now than ever before, with increasing evidence of
their importance in shaping many aspects of savanna heterogeneity. With their impor-
tance firmly demonstrated, perhaps future research should focus increasingly on things
that affect their distribution and abundance. Competition and top down controls have
been shown to be important drivers in the distribution of large herbivores therefore, they
may also be important for different termite populations. From the work presented in this
thesis I would suggest 2 interesting avenues of future research. The first would be to
examine the mechanisms and extent of microbial competition in influencing termite
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activity and distribution, as this has received relatively little attention. Specifically it
would be interesting to see if Macrotermitinae, with their mutual dependence on Termito-
myces, are more or less susceptible to secondary impacts of microbial competition such as
fungal infections. This may restrict such mutualistic species to drier areas and may
promote their use of microbially ‘clean’ material, such as leaf litter of woody species with
high concentrations of secondary compounds. The second would be to investigate a
termite ‘landscape of fear’, specifically in relation to predatory ant distributions. Again it
would be interesting to compare the landscapes of fear between termites of different
feeding guilds, and with different nesting habits, for instance are arboreal or epigeal
nesting species more ‘fearful’ than entirely cryptic species? Of particular interest is the
relation between Macrotermes and Aardvark, that can dig up and destroy whole colonies
in one night. Association of mounds with trees and specific soils may reduce this danger,
while intense fires may increase the predation risk of Aardvark mounds by intense fires
(personal observation). 
Another important aspect of the relationship between termites and heterogeneity that
has received fairly little attention, especially in savanna termites is that of persistence and
the temporal scale at which they operate. Studies have shown the longevity of single
colonies of various species, they have also shown that mounds are re-colonised. However,
the average persistence of the mounds studied here, and other termite species is not well
covered. This could have important implications for the nature of the relationships
between termites and various types of vegetation. As mentioned, we found a strong rela-
tionship between Macrotermes mounds and trees both locally and at larger scales (table
2.1, chapter 2 & figure 3.2, chapter 3). Because the studies were correlative, it is hard to
say in which direction the relationship lies. A positive feedback between the two may
result in mutual facilitation. New Macrotermes colonies may find it easier to establish
under a tree where microclimatic conditions are constant and conducive for survival
(Korb and Linsenmair 2001a). Once the colony grows and matures their off take of litter
and grass material creates fire breaks around the mound. This protects trees from the
damaging set backs caused by fire. This allows trees to mature and recruit new
seedlings/saplings. The removal of grasses, either by termites, or herbivores that are
attracted by the mounds, may also decrease competition for resources, especially from
young trees that share the same shallow root zone as grasses. In this way woodlands and
high density termite mound patches may grow together. The addition of a time frame to
studies of termite colonies could lead to important information for conservation when
trying to protect or establish woodlands. Similarly, there is little or no published informa-
tion about the persistence of rhino or large mammal created infrastructure. Therefore
information about the temporal scale of their effects is an important aspect of  rhino
ecology missing from the literature. 
Conclusions
We found that in many ways the effect of mega- and microherbivores are comparable.
Both rhino and termites have been shown to have comparable local effects on vegetation
heterogeneity. When comparing the (infra) structures created by both, the lower densities
of rhino features, despite comparable biomasses, mean that termites have a larger total
impact. We also found that not all termites are equal. When considering questions of
heterogeneity. The size and function of mounds has a significant effect on the size and
nature of their impact on vegetation.
Small scale drivers and processes have impacts on vegetation heterogeneity much
larger than themselves. This applies to both abiotic and biotic factors. HiP is a highly
diverse landscape with a correspondingly high level of productivity and diversity. In this
thesis we showed that termites are as, if not more, important for generating vegetation
heterogeneity as other larger animals and processes such as fire and rainfall. However, we
suggest that their effects maybe mediated, at still smaller scales, by free living microbes.
Re-wilding efforts for general conservation purposes, especially in areas of limited size
would do well to encourage healthy termite populations and the development of termite




Termites in rangeland. ARC plant protection research institute.
Abe, S., T. Kotegawa, T. Onishi, Y. Watanabe, and T. Wakatsuki. 2012. Soil particle accumulation in
termite (Macrotermes bellicosus) mounds and the implications for soil particle dynamics in a
tropical savanna. Ecological Research 27:219-227.
Ackerman, I. L., W. G. Teixeira, S. J. Riha, J. Lehmann, and E. C. M. Fernandes. 2007. The impact of
mound-building termites on surface soil properties in a secondary forest of Central Amazonia.
Applied Soil Ecology 37:267-276.
Adam, R. A., and J. D. Mitchell. 2009. Energetics and development of incipient colonies of the
harvester termite, Trinervitermes trinervoides (Sástedt) (Termitidae, Nasutitermitinae). Insectes
Sociaux 56:21-27.
Adam, R. A., J. D. Mitchell, and M. C. van der Westhuizen. 2008. Aspects of foraging in the
harvester termite, Trinervitermes trinervoides (Sástedt) (Termitidae: Nasutitermitinae). African
Entomology 16:153-161.
Adler, P. B., and W. K. Lauenroth. 2000. Livestock exclusion increases the spatial heterogeneity of
vegetation in Colorado short grass steppe. Applied Vegetation Science 3:213-222.
Adler, P. B., D. A. Raff, and W. K. Lauenroth. 2001. The effect of grazing on the spatial heterogeneity
of vegetation. Oecologia 128:465-479.
Andersen, A. N., and W. M. Lonsdale. 1990. Herbivory by insects in Australian tropical savannas: a
review. Journal of biogeography:433-444.
Anderson, J. M. 1988. Spatiotemporal Effects of Invertebrates on Soil Processes. Biology and
Fertility of Soils 6:216-227.
Anderson, T. M., J. G. C. Hopcraft, S. Eby, M. E. Ritchie, J. B. Grace, and H. Olff. 2010. Landscape-
scale analyses suggest both nutrient and anti-predator advantages to Serengeti herbivore
hotspots. Ecology 91:1519-1529.
Arab, A., and A. M. Costa-Leonardo. 2005. Effect of biotic and abiotic factors on the tunneling
behavior of Coptotermes gestroi and Heterotermes tenuis (Isoptera: Rhinotermitidae). Behavioural
Processes 70:32-40.
Archibald, S. 2008. African Grazing Lawns—How Fire, Rainfall, and Grazer Numbers Interact to
Affect Grass Community States. The journal of wildlife management 72:492-501.
Archibald, S., and W. J. Bond. 2004. Grazer movements: spatial and temporal responses to burning
in a tall-grass African savanna. International Journal of Wildland Fire 13:1-9.
Archibald, S., W. J. Bond, N. Allsopp, A. R. Palmer, S. J. Milton, K. P. Kirkman, G. I. H. Kerley, C. R.
Hurt, and C. J. Brown. 2003. Modelling interactions between fire, rainfall and grazing. Pages
308-311 in Proceedings of the VIIth  International Rangelands Congress, Durban, Republic of
South Africa.
Archibald, S., W. J. Bond, W. D. Stock, and D. H. K. Fairbanks. 2005. Shaping the landscape: Fire-
grazer interactions in an African savanna. Ecological Applications 15:96-109.
Archibald, S., D. P. Roy, V. Wilgen, W. Brian, and R. J. Scholes. 2009. What limits fire? An examina-
tion of drivers of burnt area in Southern Africa. Global Change Biology 15:613-630.
Arnold, S. G., T. M. Anderson, and R. M. Holdo. 2014. Edaphic, Nutritive, and Species Assemblage
Differences between Hotspots and Matrix Vegetation: Two African Case Studies. Biotropica.
Arsenault, R., and N. Owen-Smith. 2002. Facilitation against competition in grazing herbivore
assemblages. Oikos 97:313-318.
Arshad, M. A. 1982. Influence of the termite Macrotermes michaelseni on soil fertility and vegetation
in a semi-arid savannah ecosystem. Agro-Ecosystems 8:47-58.
Asner, G. P., S. R. Levick, T. Kennedy-Bowdoin, D. E. Knapp, R. Emerson, J. Jacobson, M. S. Colgan,
and R. E. Martin. 2009. Large-scale impacts of herbivores on the structural diversity of African
savannas. Proceedings of the National Academy of Sciences 106:4947-4952.
Augustine, D. J. 2003a. Long-term, livestock-mediated redistribution of nitrogen and phosphorus in
an East African savanna. Journal of Applied Ecology 40  137-149.
Augustine, D. J. 2003b. Spatial heterogeneity in the herbaceous layer of a semi-arid savanna
ecosystem. Plant Ecology 167:319-332.
Chapter 6132
Augustine, D. J. 2004. Influence of cattle management on habitat selection by impala on central
Kenyan rangeland. Journal of Wildlife Management 68:916-923.
Augustine, D. J., and S. J. McNaughton. 1998. Ungulate effects on the functional species composi-
tion of plant communities: Herbivore selectivity and plant tolerance. Journal of Wildlife
Management 62:1165-1183.
Augustine, D. J., S. J. McNaughton, and D. A. Frank. 2003. Feedbacks between soil nutrients and
large herbivores in a managed savanna ecosystem. Ecological Applications 13  1325-1337.
Bagine, R. K. N. 1984. Soil translocation by termites of the genus Odontotermes (Holmgren)
(Isoptera: Macrotermitinae) in an arid area of Northern Kenya. Oecologia 64:263-266.
Bailey, D. W., J. E. Gross, E. A. Laca, L. R. Rittenhouse, M. B. Coughenour, D. M. Swift, and P. L.
Sims. 1996. Mechanisms that result in large herbivore grazing distribution patterns. Journal of
range management.
Bakker, E. S., and H. Olff. 2003. Impact of different-sized herbivores on recruitment opportunities
for subordinate herbs in grasslands. Journal of Vegetation Science 14:465-474.
Bakker, E. S., M. E. Ritchie, H. Olff, D. G. Milchunas, and J. M. H. Knops. 2006. Herbivore impact on
grassland plant diversity depends on habitat productivity and herbivore size. Ecology Letters
9:780-788.
Balfour, D. A., and O. E. Howison. 2001. Spatial and temporal variation in a mesic savanna fire
regime: responses to variation in annual rainfall. African Journal of Range and Forage Science
19:43-51.
Belovsky, G. E., and J. B. Slade. 2000. Insect herbivory accelerates nutrient cycling and increases
plant production. Proceedings of the National Academy of Sciences 97:14412-14417.
Belsky, A. J. 1986. Does Herbivory Benefit Plants - A Review of the Evidence. American Naturalist
127:870-892.
Belsky, A. J. 1992. Effects of grazing, competition, disturbance and fire on species composition and
diversity in grassland communities. Journal of vegetation science 3:187-200.
Benjamini, Y., and Y. Hochberg. 1995a. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. Journal of the Royal Statistical Society. Series B (Methodolog-
ical):289-300.
Benjamini, Y., and Y. Hochberg. 1995b. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B
(Methodological) 57:289-300.
Benzie, J. A. H. 1986. The Distribution, Abundance, and the Effects of Fire on Mound Building
Termites (Trinervitermes and Cubitermes Spp, Isoptera, Termitidae) in Northern Guinea Savanna
West-Africa. Oecologia 70:559-567.
Bignell, D. E. 2000. Introduction to symbiosis. Pages 189-208 in T. Abe, D. E. Bignel, and M.
Higashi, editors. Termites: Evolution, Sociality, Symbiosis, Ecology. Kluwer Academic
Publishers, Dordrecht, The Netherlands.
Bignell, D. E., and P. Eggleton. 2000. Termites in Ecosystems. Pages 363-387 in T. Abe, D. E. Bignell,
and M. Higashi, editors. Termites: Evolution, Sociality, Ecology. Kluwer Academic Publishers,
Dordrecht, The Netherlands.
Blackmore, A. C., M. T. Mentis, and R. J. Scholes. 1990. The Origin and Extent of Nutrient-Enriched
Patches Within A Nutrient-Poor Savanna in South-Africa. Journal of biogeography 17:463-470.
Bond, W. J. 2005a. Large parts of the world are brown or black: a different view on the 'Green
World' hypothesis. Journal of vegetation science 16:261-266.
Bond, W. J. 2005b. Large parts of the world are brown or black: A different view on the ‘Green
World’ hypothesis. Journal of vegetation science 16:261-266.
Bond, W. J., and J. E. Keeley. 2005. Fire as a global ‘herbivore’: the ecology and evolution of flam-
mable ecosystems. Trends in Ecology & Evolution 20:387-393.
Bonnet, O., H. Fritz, J. Gignoux, and M. Meuret. 2010. Challenges of foraging on a high-quality but
unpredictable food source: the dynamics of grass production and consumption in savanna
grazing lawns. Journal of Ecology:1365-2745.
Boutton, T. W., M. A. Arshad, and L. L. Tieszen. 1983. Stable isotope analysis of termite food habits
in East African grasslands. Oecologia 59:1-6.
Synthesis 133
Bransby, D. I., and N. M. Tainton. 1977. The disc pasture meter: Possible applications in grazing
management. Proceedings of the Annual Congresses of the Grassland Society of Southern Africa
12:115-118.
Brody, A. K., T. M. Palmer, K. Fox-Dobbs, and D. F. Doak. 2010. Termites, vertebrate herbivores, and
the fruiting success of Acacia drepanolobium. Ecology 91:399-407.
Brooks, P. M., I. A. W. Macdonald, and R. N. Owen-Smith. 1983. The Hluhluwe-Umfolozi Reserve:
An ecological case history. Pages 51-57 in Management of large mammals in African conserva-
tion areas. Haum Educational Publishers, Pretoria.
Brune, A. 2014. Symbiotic digestion of lignocellulose in termite guts. Nature Reviews Microbiology
12:168-180.
Bucher, E. H. 1987. Herbivory in arid and semi-arid regions of Argentina. Revista Chilena de
Historia Natural 60:265-273.
Buitenwerf, R., N. Stevens, C. Gosling, T. M. Anderson, and H. Olff. 2011. Interactions between
large herbivores and litter removing termites across a rainfall gradient in a South African
savanna. Journal of Tropical Ecology 27:375-382.
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multi-model inference: a practical
information-theoretic approach. Springer Verlag.
Buxton, R. D. 1981a. Changes in the Composition and Activities of Termite Communities in Relation
to Changing Rainfall. Oecologia 51:371-378.
Buxton, R. D. 1981b. Termites and the turnover of dead wood in an arid tropical environment.
Oecologia 51:379-384.
Carmel, Y., and R. Kadmon. 1999. Effects of grazing and topography on long-term vegetation
changes in a Mediterranean ecosystem in Israel. Plant Ecology 145:243-254.
Chase, J. M. 2014. Spatial scale resolves the niche versus neutral theory debate. Journal of vegeta-
tion science 25:319-322.
Colgan, M. S., G. P. Asner, S. R. Levick, R. E. Martin, and O. A. Chadwick. 2012. Topo-edaphic
controls over woody plant biomass in South African savannas. Biogeosciences 9:1809-1821.
Collins, N. M. 1981. The role of termites in the decomposition of wood and leaf litter in the
Southern Guinea savanna of Nigeria. Oecologia 51:389-399.
Conway, A., D. Balfour, T. Dale, P. Hartley, P. Morrison, R. Howison, N. Galli, and M. Wadge. 2001.
Hluhluwe-Umfolozi Park Management Plan 2001. Ezemvelo KwaZulu-Natal Wildlife.
Coughenour, M., and J. Ellis. 1993. Landscape and climatic control of woody vegetation in a dry
tropical ecosystem: Turkana District, Kenya. Journal of biogeography.
Coughenour, M. B. 1985. Graminoid Responses to Grazing by Large Herbivores - Adaptations, Exap-
tations, and Interacting Processes. Annals of the Missouri Botanical Garden 72:852-863.
Coughenour, M. B. 1991. Spatial Components of Plant-Herbivore Interactions in Pastoral, Ranching,
and Native Ungulate Ecosystems. Journal of range management 44:530-542.
Coventry, R. J., J. A. Holt, and D. F. Sinclair. 1988. Nutrient cycling by mound building termites in
low fertility soils of semi-arid tropical Australia. Australian Journal of Soil Research 26:375 -
390.
Cromsigt, J. P. G. M. 2006. Large Herbivores in Space: Resource partitioning among savanna grazers
in a heterogeneous envrionment. PhD. University of Groningen, Groningen.
Cromsigt, J. P. G. M., and H. Olff. 2006. Resource partitioning among savanna grazers mediated by
local heterogeneity: An experimental approach. Ecology 87:1532-1541.
Cromsigt, J. P. G. M., and H. Olff. 2008a. Dynamics of grazing lawn formation: an experimental test
of the role of scale-dependent processes, Oikos.
Cromsigt, J. P. G. M., and H. Olff. 2008b. Dynamics of grazing lawn formation: an experimental test
of the role of scale-dependent processes. Oikos. 117:1444–1452.
Cromsigt, J. P. G. M., and M. te Beest. 2014a. Restoration of a megaherbivore – landscape-level
impacts of white rhinoceros in Kruger National Park, South Africa. Journal of Ecology.
Cromsigt, J. P. G. M., and M. te Beest. 2014b. Restoration of a megaherbivore: landscape-level
impacts of white rhinoceros in Kruger National Park, South Africa. Journal of Ecology.
Cumming, D. H. M., and G. S. Cumming. 2003. Ungulate community structure and ecological
processes: body size, hoof area and trampling in African savannas. Oecologia 134:560-568.
Chapter 6134
Dangerfield, J. M., T. S. McCarthy, and W. N. Ellery. 1998. The mound-building termite Macrotermes
michaelseni as an ecosystem engineer. Journal of Tropical Ecology 14:507-520.
Dangerfield, J. M., and G. Schuurman. 2000. Foraging by fungus-growing termites (Isoptera :
Termitidae, Macrotermitinae) in the Okavango Delta, Botswana. Journal of Tropical Ecology
16:717-731.
Darlington, J., and R. Dransfield. 1987. Size relationships in nest populations and mound parame-
ters in the termite Macrotermes michaelseni in Kenya. Insectes Sociaux (Historical Archive)
34:165-180.
Darlington, J. P. E. C. 1982. The underground passages and storage pits used in foraging by a nest of
the termite Macrotermes michaelseni in Kajiado, Kenya. Journal of Zoology 198:237-247.
Darlington, J. P. E. C. 2007. Arena nests built by termites in the Masai Mara, Kenya. Journal of East
African Natural History 96:73-81.
Davidson, D. W. 1993. The effects of herbivory and granivory on terrestrial plant succession.
Oikos:23-35.
Davies, A. B., P. Eggleton, B. J. Rensburg, and C. L. Parr. 2013. Assessing the relative efficiency
of termite sampling methods along a rainfall gradient in African savannas. Biotropica 45:474-
479.
Davies, A. B., P. Eggleton, B. J. Van Rensburg, and C. L. Parr. 2012. The pyrodiversity–biodiversity
hypothesis: a test with savanna termite assemblages. Journal of Applied Ecology 49:422-430.
Davies, A. B., S. R. Levick, G. P. Asner, M. P. Robertson, B. J. van Rensburg, and C. L. Parr. 2014a.
Spatial variability and abiotic determinants of termite mounds throughout a savanna catch-
ment. Ecography.
Davies, A. B., C. L. Parr, and B. J. van Rensburg. 2010. Termites and fire: Current understanding and
future research directions for improved savanna conservation. Austral Ecology 35:482-486.
Davies, A. B., M. P. Robertson, S. R. Levick, G. P. Asner, B. J. van Rensburg, and C. L. Parr. 2014b.
Variable effects of termite mounds on African savanna grass communities across a rainfall
gradient. Journal of vegetation science.
Day, T. A., and J. K. Detling. 1990. Grassland Patch Dynamics and Herbivore Grazing Preference
Following Urine Deposition. Ecology 71:180-188.
Deshmukh, I. 1989. How Important Are Termites in the Production Ecology of African Savannas.
Sociobiology 15:155-168.
Deshmukh, I. K. 1984. A common relationship between precipitation and grassland peak biomass
for east and southern Africa. African Journal of Ecology 22:181-186.
DeSouza, O., A. P. A. Araújo, and R. Reis-Jr. 2009. Trophic controls delaying foraging by termites:
reasons for the ground being brown? Bulletin of Entomological Research 99:603-609.
Dohn, J., F. Dembélé, M. Karembé, A. Moustakas, K. A. Amévor, and N. P. Hanan. 2013. Tree effects
on grass growth in savannas: competition, facilitation and the stress-gradient hypothesis.
Journal of Ecology 101:202-209.
Donovan, S. E., P. Eggleton, and D. E. Bignell. 2001. Gut content analysis and a new feeding group
classification of termites. Ecological Entomology 26:356-366.
Downing, B. H. 1972. A plant ecological survey of the Umfolozi Game Reserve Zululand. University
of Natal.
Downing, B. H. 1980. Changes in the vegetation of Hluhluwe Game Reserve, Zululand, as regulated
by edaphic and biotic factors over 36 years. Journal of South African Botany 46:225-231.
du Toit, J., K. H. Rogers, and H. C. Biggs. 2003a. The Kruger experience: ecology and management
of savanna heterogeneity. Island Press.
du Toit, J. T. 2003. Large herbivores and savanna heterogeneity. The Kruger experience: Ecology
and management of savanna heterogeneity:292-309.
du Toit, J. T., J. P. Bryant, and K. Frisby. 1990. Regrowth and palatability of Acacia shoots following
pruning by African savanna browsers. Ecology:149-154.
Dublin, H. T., A. R. E. Sinclair, and J. McGlade. 1990. Elephants and fire as causes of multiple stable
states in the Serengeti-Mara woodlands. Journal of Animal Ecology 59.
East, R. 1984. Rainfall, soil nutrient status and biomass of large African savanna mammals. African
Journal of Ecology 22:245-270.
Synthesis 135
Eggleton, P., D. E. Bignell, W. A. Sands, N. A. Mawdsley, J. H. Lawton, T. G. Wood, and N. C. Bignell.
1996. The Diversity, Abundance and Biomass of Termites under Differing Levels of Disturbance
in the Mbalmayo Forest Reserve, Southern Cameroon. Philosophical Transactions: Biological
Sciences 351:51-68.
Eggleton, P., P. H. Williams, and K. J. Gaston. 1994. Explaining Global Termite Diversity - Produc-
tivity or History. Biodiversity and Conservation 3:318-330.
Eisenberg, J. F., and D. G. Kleiman. 1972. Olfactory communication in mammals. Annual Review of
Ecology and Systematics:1-32.
Ekaya, W. N., and J. I. Kinyamario. 2001. Production and decomposition of plant litter in an arid
rangeland of Kenya. African Journal of Range & Forage Science 18:125 - 129.
Emerson, A. E. 1961. Vestigial characters of termites and processes of regressive evolution. Evolu-
tion:115-131.
Estes, R. D. 1991. The behaviour guide to African mammals. The university of California press,
Berkeley.
Ettershank, G., J. A. Ettershank, and W. G. Whitford. 1980. Location of Food Sources by Subter-
ranean Termites. Environmental Entomology 9:645-648.
Ferrar, P. 1982a. Termites of A South-African Savanna .3. Comparative Attack on Toilet Roll Baits in
Sub-Habitats. Oecologia 52:139-146.
Ferrar, P. 1982b. Termites of a South African Savanna. Oecologia 52:133-138.
Ferrar, P. 1982c. Termites of a South African Savanna IV. Subterranean Populations, Mass Determi-
nations and Biomass Estimations. Oecologia 52:147-151.
Foley, J. A., R. DeFries, G. P. Asner, C. Barford, G. Bonan, S. R. Carpenter, F. S. Chapin, M. T. Coe, G.
C. Daily, and H. K. Gibbs. 2005. Global consequences of land use. Science 309:570-574.
Fox-Dobbs, K., D. F. Doak, A. K. Brody, and T. M. Palmer. 2010. Termites create spatial structure and
govern ecosystem function by affecting N2 fixation in an East African savanna. Ecology
91:1296-1307.
Franz, T. E., E. G. King, K. K. Caylor, and D. A. Robinson. 2011. Coupling vegetation organization
patterns to soil resource heterogeneity in a central Kenyan dryland using geophysical imagery.
Water Resources Research 47:W07531.
Freitag, S., and A. S. Van Jaarsveld. 1997. Relative occupancy, endemism, taxonomic distinctiveness and
vulnerability: prioritizing regional conservation actions. Biodiversity & Conservation 6:211-232.
Freymann, B. P., R. Buitenwerf, O. DeSouza, and H. Olff. 2008. The importance of termites
(Isoptera) for the recycling of herbivore dung in tropical ecosystems: a review. European Journal
of Entomology 105:165–173.
Freymann, B. P., S. N. De Visser, and H. Olff. 2010a. Spatial and temporal hotspots of termite-driven
decomposition in the Serengeti. Ecography.
Freymann, B. P., S. N. de Visser, and H. Olff. 2010b. Spatial and temporal hotspots of termite-driven
decomposition in the Serengeti. Ecography 33:443-450.
Ganskopp, D., and M. Vavra. 1987. Slope use by cattle, feral horses, deer, and bighorn sheep. North-
west Science.
Garzon-Lopez, C. X., P. A. Jansen, S. A. Bohlman, A. Ordonez, and H. Olff. 2014. Effects of sampling
scale on patterns of habitat association in tropical trees. Journal of vegetation science.
Gillson, L. 2004. Evidence of Hierarchical Patch Dynamics in an East African Savanna? Landscape
Ecology 19:883-894.
Goheen, J., T. Palmer, F. Keesing, C. Riginos, and T. Young. 2014. Large herbivores facilitate savanna
tree establishment via diverse and indirect pathways. The Journal of animal ecology 79:372-382.
Gosling, C., J. Cromsigt, N. Mpanza, and H. Olff. 2011. Effects of Erosion from Mounds of Different
Termite Genera on Distinct Functional Grassland Types in an African Savannah. Ecosystems:
1-12.
Gough, L., and J. B. Grace. 1998. Herbivore effects on plant species density at varying productivity
levels. Ecology 79:1586-1594.
Grant, C. C., and M. C. Scholes. 2006. The importance of nutrient hot-spots in the conservation and
management of large wild mammalian herbivores in semi-arid savannas. Biological Conserva-
tion 130:426-437.
Chapter 6136
Grime, J. P. 1973. Competitive exclusion in herbaceous vegetation. Nature, UK 242:344-347.
Hagenah, N., H. Munkert, K. Gerhardt, and H. Olff. 2009. Interacting effects of grass height and
herbivores on the establishment of an encroaching savanna shrub. Pages 189-202 in A. G. Valk,
editor. Herbaceous Plant Ecology. Springer Netherlands.
Hamza, M. A., and W. K. Anderson. 2005. Soil compaction in cropping systems: a review of the
nature, causes and possible solutions. Soil and tillage research 82:121-145.
Hendriksen, T. M., and T. A. Breland. 1999. Nitrogen availability effects on carbon mineralization,
fungal and bacterial growth, and enzyme activities during decomposition of wheat straw in soil.
Soil Biology & Biochemistry 31:1121-1134.
Higgins, S. I., W. J. Bond, and W. S. W. Trollope. 2000a. Fire, resprouting and variability: a recipe for
grass-tree coexistence in savanna. Journal of Ecology 88:213-229.
Hobbs, N. T. 1996. Modification of ecosystems by ungulates. Journal of Wildlife Management 60
695-713.
Holdo, R. M., J. P. Dudley, and L. R. McDonald. 2002. Geophagy in the African elephant in relation
to the availability of dietary sodium. Journal of Mammalogy 83:652-664.
Holdo, R. M., and L. R. McDowell. 2004. Termite mounds as nutrient-rich food patches for
elephants. Biotropica 36:231-239.
Holt, J. A. 1996. Mound-building termites and soil microbial biomass: An interaction influencing
termite abundance. Insectes Sociaux 43:427-434.
Holt, J. A., and R. J. Coventry. 1990. Nutrient cycling in Australian savannas. Journal of biogeog-
raphy 17:427-432.
Holt, J. A., and M. Lepage. 2000. Termites and Soil Properties. Pages 389 - 407 in T. Abe, D. E.
Bignell, and M. Higashi, editors. Termites: Evolution, Sociality, Symbioses, Ecology. Kluwer
Academic Publishers, Dordrecht, Netherlands.
Hopcraft, J. G. C., H. Olff, and A. R. E. Sinclair. 2010. Herbivores, resources and risks: alternating
regulation along primary environmental gradients in savannas. Trends in Ecology & Evolution
25:119-128.
Hopcraft, J. G. C., A. R. E. Sinclair, and C. Packer. 2005. Planning for success: Serengeti lions seek
prey accessibility rather than abundance. Journal of Animal Ecology 74:559-566.
Hopkins, B. 1966. Vegetation of the Olokemeji forest reserve Nigeria. 4. Litter and soil with special
reference to their seasonal changes. Journal of Ecology 54:687.
Howison, R. A., J. van de Koppel, H. Olff, and C. Smit. Submitted. Biotically driven vegetation
mosaics: the battle between bioturbation and biocompaction. .
Huisman, J., and H. Olff. 1998. Competition and facilitation in multispecies plant-herbivore systems
of productive environments. Ecology Letters 1:25-29.
Jacobs, S. M., and R. J. Naiman. 2008. Large African herbivores decrease herbaceous plant biomass
while increasing plant species richness in a semi-arid savanna toposequence. Journal of Arid
Environments 72:891-903.
Jeltsch, F., G. E. Weber, and V. Grimm. 2000. Ecological buffering mechanisms in savannas: A
unifying theory of long-term tree-grass coexistence. Plant Ecology 150:161-171.
Jones, C. G., J. H. Lawton, and M. Shachak. 1994. Organisms As Ecosystem Engineers. Oikos
69:373-386.
Jones, C. G., J. H. Lawton, and M. Shachak. 1997. Positive and Negative Effects of Organisms as
Physical Ecosystem Engineers. Ecology 78:1946-1957.
Jose Pinheiro, Douglas Bates, Saikat DebRoy, Deepayan Sarkar, and T. R. C. team. 2009. nlme:
Linear and Nonlinear Mixed Effects Models.
Joseph, G., C. Seymour, G. Cumming, Z. Mahlangu, and D. M. Cumming. 2013. Escaping the
flames: large termitaria as refugia from fire in miombo woodland. Landscape Ecology:1-12.
Joseph, G. S., G. S. Cumming, D. H. M. Cumming, and C. L. Seymour. 2011. Large termitaria act as
refugia for tall trees, deadwood and cavity-using birds in a miombo woodland. Landscape
Ecology 26:439-448.
Joseph, G. S., C. L. Seymour, G. S. Cumming, D. H. M. Cumming, and Z. Mahlangu. 2014.
Termite Mounds Increase Functional Diversity of Woody Plants in African Savannas. Ecosys-
tems:1-12.
Synthesis 137
Jouquet, P., P. Barre, M. Lepage, and B. Velde. 2005a. Impact of subterranean fungus-growing
termites (Isoptera, Macrotermitiane) on chosen soil properties in a West African savanna.
Biology and Fertility of Soils 41:365-370.
Jouquet, P., N. Bottinelli, J. C. Lata, P. Mora, and S. Caquineau. 2007. Role of the fungus-growing
termite Pseudacanthotermes spiniger (Isoptera, Macrotermitinae) in the dynamic of clay and soil
organic matter content. An experimental analysis. Geoderma 139:127-133.
Jouquet, P., N. Boulain, J. Gignoux, and M. Lepage. 2004a. Association between subterranean
termites and grasses in a West African savanna: spatial pattern analysis shows a significant role
for Odontotermes n. pauperans. Applied Soil Ecology 27:99-107.
Jouquet, P., J. Dauber, J. Lagerlof, P. Lavelle, and M. Lepage. 2006. Soil invertebrates as ecosystem
engineers:intended and accidental effects on soil and feedback loops. Applied Soil Ecology
32:135-164.
Jouquet, P., V. Tavernier, L. Abbadie, and M. Lepage. 2005b. Nests of subterranean fungus-growing
termites (Isoptera, Macrotermitinae) as nutrient patches for grasses in savannah ecosystems.
African Journal of Ecology 43:191-196.
Jouquet, P., D. Tessier, and M. Lepage. 2004b. The soil structural stability of termite nests: role of
clays in Macrotermes bellicosus (Isoptera, Macrotermitinae) mound soils. European Journal of
Soil Biology 40:23-29.
Jouquet, P., S. Traoré, C. Choosai, C. Hartmann, and D. Bignel. 2011. Influence of termites on
ecosystem functioning. Ecosystem services provided by termites. European Journal of Soil
Biology 47:215-222.
King, L. 1970. The geology of the Hluhluwe Game Reserve. Petros 2:16–19.
Kleynhans, E. J., A. E. Jolles, M. R. E. Bos, and H. Olff. Resource partitioning along multiple niche
dimensions in differently sized African savanna grazers. Oikos 120:591-600.
Kleynhans, E. J., A. E. Jolles, M. R. E. Bos, and H. Olff. 2011. Resource partitioning along multiple
niche dimensions in differently sized African savanna grazers. Oikos 120:591-600.
Knapp, A. K., M. D. Smith, S. L. Collins, N. Zambatis, M. Peel, S. Emery, J. Wojdak, M. C. Horner-
Devine, H. Biggs, and J. Kruger. 2004. Generality in ecology: testing North American grassland
rules in South African savannas. Frontiers in Ecology and the Environment 2:483-491.
Konate, S., X. Le Roux, D. Tessier, and M. Lepage. 1998. Influence of large termitaria on soil charac-
teristics, soil water regime, and tree leaf shedding pattern in a West African savanna. Plant and
Soil 206:47-60.
Korb, J., and K. E. Linsenmair. 2001a. The causes of spatial patterning of mounds of a fungus-culti-
vating termite: results from a nearest-neighbour analysis and ecological studies. Oecologia 127
324-333.
Korb, J., and K. E. Linsenmair. 2001b. Resource availability and distribution patterns, indicators of
competition between Macrotermes bellicosus and other macro-detritivores in the Comoe National
Park, Cote d'Ivoire. African Journal of Ecology 39:257-265.
Krook, K., W. J. Bond, and P. A. R. Hockey. 2007. The effect of grassland shifts on the avifauna of a
South African savanna. Ostrich-Journal of African Ornithology 78:271-279.
Kruuk, H., and W. A. Sands. 1972. The aardwolf (Proteles cristatm Sparrman) 1783 as predator of
termites*. African Journal of Ecology 10:211-227.
Lal, R. 1976. Soil erosion on Alfisols in Western Nigeria: III. Effects of rainfall characteristics.
Geoderma 16:389-401.
Lavelle, P. 1997. Faunal activities and soil processes: Adaptive strategies that determine ecosystem
function. Pages 93-132 in M. Begon and A. H. Fitter, editors. Advances in Ecological Research.
Academic Press Ltd-Elsevier Science Ltd., London.
Lavelle, P. 2002. Functional domains in soils. Ecological Research 17:441-450.
Lavelle, P., D. Bignell, M. Lepage, V. Wolters, P. Roger, P. Ineson, O. W. Heal, and S. Dhillion. 1997.
Soil function in a changing world: the role of invertebrate ecosystem engineers. European
Journal of Soil Biology 33:159-193.
Lavelle, P., E. Blanchart, A. Martin, S. Martin, and A. Spain. 1993. A Hierarchical Model for Decom-
position in Terrestrial Ecosystems: Application to Soils of the Humid Tropics. Biotropica 25:130-
150.
Chapter 6138
Lavelle, P., T. Decaëns, M. Aubert, S. Barot, M. Blouin, F. Bureau, P. Margerie, P. Mora, and J. P. Rossi.
2006. Soil invertebrates and ecosystem services. European Journal of Soil Biology 42:S3-S15.
Lee, K. E., and T. G. Wood. 1971. Termites and Soil. Academic press inc.
Leonard, J., and J. L. Rajot. 2001. Influence of termites on runoff and infiltration: quantification
and analysis. Geoderma 104:17-40.
Lepage, M., L. Abbadie, S. Konate, and K. Merdaci. Structures related to termite activity and organic
matter dynamics at different spatio-temporal scales. in Enregistrement scientifique 
Levick, S., and K. Rogers. 2011. Context-dependent vegetation dynamics in an African savanna.
Landscape Ecology 26:515-528.
Levick, S. R., G. P. Asner, O. A. Chadwick, L. M. Khomo, K. H. Rogers, A. S. Hartshorn, T. Kennedy-
Bowdoin, and D. E. Knapp. 2010a. Regional insight into savanna hydrogeomorphology from
termite mounds. Nat Commun 1:65.
Levick, S. R., G. P. Asner, T. Kennedy-Bowdoin, and D. E. Knapp. 2010b. The spatial extent of termite
influences on herbivore browsing in an African savanna. Biological Conservation 143:2462-2467.
Levick, S. R., G. P. Asner, and I. P. J. Smit. 2012. Spatial patterns in the effects of fire on savanna
vegetation three-dimensional structure. Ecological Applications 22:2110-2121.
Levin, S. A. 1992. The Problem of Pattern and Scale in Ecology: The Robert H. MacArthur Award
Lecture. Ecology 73:1943-1967.
Liddle, M. J. 1975. A theoretical relationship between the primary productivity of vegetation and its
ability to tolerate trampling. Biological Conservation 8:251-255.
Lobry de Bruyn, L. A., and A. J. Conacher. 1990. The Role of Termites and Ants in Soil Modification:
A Review. Australian Journal of Soil Research 28:55-93.
Long, C. E., B. L. Thorne, N. L. Breisch, and L. W. Douglass. 2001. Effect of Organic and Inorganic
Landscape Mulches on Subterranean Termite (Isoptera: Rhinotermitidae) Foraging Activity.
Environmental Entomology 30:832-836.
López-Hernández, D. 2001. Nutrient dynamics (C, N and P) in termite mounds of Nasutitermes
ephratae from savannas of the Orinoco Llanos (Venezuela). Soil Biology and Biochemistry
33:747-753.
Loveridge, J. P., and S. R. Moe. 2004. Termitaria as browsing hotspots for african megaherbivores in
miombo woodland. Journal of Tropical Ecology 20:337-343.
Lull, H. W. 1959. Soil compaction on forest and range lands. Forest Service, US Department of Agriculture.
Maduakor, H. O., A. N. Okere, and C. C. Onyeanuforo. 1995. Termite mounds in relation to the
surrounding soils in the forest and derived savanna zones of south eastern Nigeria. Biology and
Fertility of Soils 20:157-162.
Mando, A., and R. Miedema. 1997. Termite-induced change in soil structure after mulching
degraded (crusted) soil in the Sahel. Applied Soil Ecology 6:241-249.
Manson, A. D., and V. G. Roberts. 2000. Analytical methods used by the soil fertility and analytical
services section. KZN Agri-report No. N/A/2001/04, Pietermaritzburg, Republic of South Africa.
McCracken, D. P. 2008. Saving the Zululand Wilderness. Jacana Media, South Africa.
McNaughton, S. J. 1979. Grazing As an optimization process - Grass Ungulate Relationships in the
Serengeti. American Naturalist 113:691-703.
McNaughton, S. J. 1984. Grazing lawns: animals in herds, plant form, and coevolution. American
Naturalist 124:863-886.
McNaughton, S. J. 1985. Ecology of a grazing ecosystem: the Serengeti. Ecological Monographs
55:259-294.
McNaughton, S. J. 1988. Mineral nutrition and spatial concentrations of African ungulates. Nature
334:343-345.
McNaughton, S. J., F. F. Banyikwa, and M. M. McNaughton. 1997. Promotion of the cycling of diet-
enhancing nutrients by african grazers. Science 278:1798-1900.
Melton, D. A. 1972. Environmental heterogeneity produced by termitaria in western Uganda with
special referecne to mound usage by vertebrates. University of British Columbia.
Meyer, V. W., L. E. O. Braack, H. C. Biggs, and C. Ebersohn. 1999. Distribution and density of termite
mounds in the northern Kruger National Park, with specific reference to those constructed by
Macrotermes Holmgren (Isoptera: Termitidae) African Entomology 7.
Synthesis 139
Meyer, W. B., and B. Turner. 1994. Changes in land use and land cover: a global perspective.
Cambridge University Press.
Mgobozi, M. P., M. J. Somers, and A. S. Dippenaar - Schoeman. 2008. Spider responses to alien
plant invasion: the effect of short- and long- term Chromolaena odorata invasion and manage-
ment. Journal of Applied Ecology 45:1189-1197.
Milchunas, D. G., W. K. Lauenroth, and O. E. Sala. 1988. A generalized model of the effects of
grazing by large herbivores on grassland community structure. American Naturalist 132:87-
106.
Mills, A. J., and M. V. Fey. 2005. Interactive response of herbivores, soils and vegetation to annual
burning in a South African savanna. Austral Ecology 30:435-444.
Mobaek, R., A. K. Narmo, and S. R. Moe. 2005. Termitaria are focal feeding sites for large ungulates
in Lake Mburo National Park, Uganda. Journal of Zoology 267:97-102.
Moe, S., R. Mobæk, and A. Narmo. 2009a. Mound building termites contribute to savanna vegeta-
tion heterogeneity. Plant Ecology 202:31-40.
Mwendera, E. J., and M. A. M. Saleem. 1997. Hydrologic response to cattle grazing in the Ethiopian
highlands. Agriculture, Ecosystems & Environment 64:33-41.
Nakagawa, S., and H. Schielzeth. 2013. A general and simple method for obtaining R2 from gener-
alized linear mixed-effects models. Methods in Ecology and Evolution 4:133-142.
Nardi, J. B., R. I. Mackie, and J. O. Dawson. 2002. Could microbial symbionts of arthropod guts
contribute significantly to nitrogen fixation in terrestrial ecosystems? Journal of Insect Physi-
ology 48:751-763.
Nippert, J., and A. Knapp. 2007. Linking water uptake with rooting patterns in grassland species.
Oecologia 153:261-272.
Noirot, C., and J. Darlington. 2000. Termite Nests: Architecture, Regulation and Defence. Pages
121-139 in T. Abe, D. E. Bignel, and M. Higashi, editors. Termites: Evolution, Sociality,
Symbiosis, Ecology. Kluwer Academic Publishers, Dordrecht, The Netherlands.
Novellie, P. A., and H. Bezuidenhout. 1994. The influence of rainfall and grazing on vegetation
changes in the Mountain Zebra National Park. South African Journal of Wildlife Research.
O'Connor, T. G. 1994. Composition and population responses of an African Savanna grassland to
rainfall and grazing. Journal of Applied Ecology 31:155-171.
O'Connor, T. G., L. M. Haines, and H. A. Snyman. 2001. Influence of precipitation and species
composition on phytomass of a semi-arid African grassland. Journal of Ecology 89:850-860.
Ohiagu, C. E. 1979. A quantitative study of seasonal foraging by the grass harvesting termite,
Trinervitermes geminatus (Wasmann), (Isoptera, Nasutitermitinae) in southern Guinea Savanna,
Mokwa, Nigeria. Oecologia 40:179-188.
Okullo, P., and S. R. Moe. 2012a. Large herbivores maintain termite-caused differences in herba-
ceous species diversity patterns. Ecology.
Okullo, P., and S. R. Moe. 2012b. Termite activity, not grazing, is the main determinant of spatial
variation in savanna herbaceous vegetation. Journal of Ecology 100:232-241.
Olff, H., and M. E. Ritchie. 1998. Effects of herbivores on grassland plant diversity. Trends in
Ecology and Evolution 13:261-265.
Olff, H., M. E. Ritchie, and H. H. T. Prins. 2002. Global environmental controls of diversity in large
herbivores. Nature 415:901-904.
Owen-Smith, N. 1971. Territoriality in the White Rhinoceros (Ceratotherium simum)  Burchell.
Nature 231  294-296.
Owen-Smith, N. 1981. The white rhino overpopulation problem and a proposed solution. Pages
129-150 in P. A. Jewel, S. Holt, and D. Hart, editors. Problems in Management of Locally Abun-
dant Wild Mammals. Academic Press Inc.
Owen-Smith, N. 1987. Pleistocene Extinctions - the Pivotal Role of Megaherbivores. Paleobiology
13:351-362.
Owen-Smith, N. 1988. Megaherbivores. The influence of very large body size on ecology.
Cambridge University Press, Cambridge.
Owen-Smith, N. 2004. Functional heterogeneity in resources within landscapes and herbivore popu-
lation dynamics.
Chapter 6140
Owen-Smith, R. N. 1975. The Social Ethology of the White Rhinoceros Ceratotberium simum
(Burchell 1817*). Zeitschrift für Tierpsychologie 38:337-384.
Pattenden. 1988. Annual and monthly rainfall data for Hluhluwe and Umfolozi Game Reserves
(July 1931 - June 1988). Natal Parks Board, Pietermaritzburg.
Picker, M. D., M. T. Hoffman, and B. Leverton. 2007. Density of Microhodotermes viator (Hodotermi-
tidae) mounds in southern Africa in relation to rainfall and vegetative productivity gradients.
Journal of Zoology 271:37-44.
Pickett, S. T. A., and M. L. Cadenasso. 1995. Landscape Ecology - Spatial Heterogeneity in Ecolog-
ical-Systems. Science 269:331-334.
Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and T. R. C. team. 2009. nlme: Linear and Nonlinear
Mixed Effects Models.
Pomeroy, D. E. 1977. Distribution and Abundance of Large Termite Mounds in Uganda. Journal of
Applied Ecology 14:465-475.
Pomeroy, D. E. 1978. The Abundance of Large Termite Mounds in Uganda in Relation to thier Envi-
ronment. Journal of Applied Ecology 15:51-63.
Pomeroy, D. E. 1983. Some Effects of Mound-Building Termites on the Soils of A Semi-Arid Area of
Kenya. Journal of Soil Science 34:555-570.
Pringle, R. M., D. F. Doak, A. K. Brody, R. Jocqué, and T. M. Palmer. 2010. Spatial Pattern Enhances
Ecosystem Functioning in an African Savanna. PLoS Biol 8:e1000377.
Prins, H. H. T., and J. H. Beekman. 1989. A balanced diet as a goal for grazing: the food of the
Manyara Buffalo. African Journal of Ecology 27:241-259.
R Development Core Team. 2013. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing.
Riginos, C., and J. B. Grace. 2008. Savanna tree density, herbivores, and the herbaceous commu-
nity: bottom-up vs. top-down effects. Ecology 89:2228-2238.
Riginos, C., and T. Young. 2007. Positive and negative effects of grass, cattle, and wild herbivores on
Acacia saplings in an East African savanna. Oecologia 153:985-995.
Ripley, S. D. 1952. Territorial and sexual behaviour in the great Indian rhinoceros, a speculation.
Ecology 33:570-573.
Ritchie, M. E. 2010. Scale, heterogeneity and the structure and diversity of ecological communities.
Princeton University Press., Princeton.
Rogers, L. K. R., J. R. J. French, and M. A. Elgar. 1999. Suppression of plant growth on the mounds of
the termite Coptotermes lacteus Froggatt (Isoptera, Rhinotermitidae). Insectes Sociaux 46:366-371.
Rouland, C., M. Lepage, J. L. Chotte, M. Diouf, D. Ndiaye, S. Ndiaye, C. Seuge, and A. Brauman.
2003. Experimental manipulation of termites (Isoptera, Macrotermitinae) foraging patterns in a
Sahelo-Sudanese savanna: effect of litter quality. Insectes Sociaux 50:309-316.
Ruess, R. W., and S. J. McNaughton. 1984. Urea As A Promotive Coupler of Plant-Herbivore Interac-
tions. Oecologia 63:331-337.
Ruggiero, R. G., and J. M. Fay. 1994. Utilization of termitarium soils by elephants and its ecological
implications. African Journal of Ecology 32:222-232.
Sankaran, M., and D. J. Augustine. 2004. Large herbivores suppress decomposer abundance in a
semiarid grazing ecosystem. Ecology 85:1052-1061.
Sankaran, M., N. P. Hanan, R. J. Scholes, J. Ratnam, D. J. Augustine, B. S. Cade, J. Gignoux, S. I.
Higgins, X. Le Roux, F. Ludwig, J. Ardo, F. Banyikwa, A. Bronn, G. Bucini, K. K. Caylor, M. B.
Coughenour, A. Diouf, W. Ekaya, C. J. Feral, E. C. February, P. G. H. Frost, P. Hiernaux, H.
Hrabar, K. L. Metzger, H. H. T. Prins, S. Ringrose, W. Sea, J. Tews, J. Worden, and N. Zambatis.
2005. Determinants of woody cover in African savannas. Nature 438:846-849.
Sankaran, M., R. Jayashree, and H. Niall. 2008. Woody cover in African savannas: the role of
resources, fire and herbivory. Global Ecology and Biogeography 17.
Sankaran, M., J. Ratnam, and N. P. Hanan. 2004. Tree–grass coexistence in savannas revisited –
insights from an examination of assumptions and mechanisms invoked in existing models.
Ecology Letters 7:480-490.
Scholes, R. J., and S. R. Archer. 1997. Tree-grass interactions in savannas. Annual Review of Ecology
and Systematics 28:517-544.
Synthesis 141
Scholes, R. J., and B. H. Walker. 1993. An African Savanna; synthesis of the Nylsvley study
Cambridge University Press.
Schrama, M., P. Heijning, J. Bakker, H. Wijnen, M. Berg, and H. Olff. 2012. Herbivore trampling as
an alternative pathway for explaining differences in nitrogen mineralization in moist grasslands.
Oecologia:1-13.
Schrama, M., G. F. Veen, E. S. Bakker, J. L. Ruifrok, J. P. Bakker, and H. Olff. 2013. An integrated
perspective to explain nitrogen mineralization in grazed ecosystems. . Perspectives in Plant
Ecology Evolution and Systematics 15:32-44.
Schuurman, G. 2005. Decomposition Rates and Termite Assemblage Composition in Semiarid
Africa. Ecology 86:1236-1249.
Schuurman, G. 2006. Foraging and distribution patterns in a termite assemblage dominated by
fungus-growing species in semi-arid northern Botswana. Journal of Tropical Ecology 22:277-
287.
Schuurman, G., and J. M. Dangerfield. 1997. Dispersion and abundance of Macrotermes michaelseni
colonies: A limited role for intraspecific competition. Journal of Tropical Ecology 13:39-49.
Sheppe, W. 1970. Invertebrate Predation on Termites of African Savanna. Insectes Sociaux 17:205-
&.
Shrader, A. M., and N. Owen-Smith. 2002. The role of companionship in the dispersal of white
rhinoceroses (Ceratotherium simum). Behavioral Ecology and Sociobiology 52:255-261.
Sileshi, G. W., M. A. Arshad, S. Konate, and P. O. Y. Nkunika. 2010. Termite-induced heterogeneity in
African savanna vegetation: mechanisms and patterns. Journal of vegetation science:1-15.
Sinclair, A. R. E. 1975. The resource limitation of trophic levels in tropical grassland ecosystems.
Journal of Animal Ecology 44:497-520.
Sinclair, A. R. E., C. Packer, S. A. R. Mduma, and J. M. Fryxell. 2008. Serengeti III human impacts
on ecosystem dynamics. University of Chicago Press, Chicago.
Skarpe, C. 1992. Dynamics of savanna ecosystems. Pages 293-300 in Journal of vegetation science.
Skinner, J. D., and C. T. Chimimba. 2005. The mammals of the southern African sub-region.
Cambridge University Press.
Smith, F. R., and R. I. Yeaton. 1998. Disturbance by the mound-building termite,  Trinervitermes
trinervoides, and vegetation patch dynamics in a semi-arid, southern African grassland. Plant
Ecology 137:41-53.
Smith, J. L., and M. K. Rust. 1994. Temperature preferences of the western subterranean termite,
Reticulitermes hesperus Banks. Journal of Arid Environments 28:313-323.
Spain, A. V., and J. G. McIvor. 1988. The Nature of Herbaceous Vegetation Associated with Termi-
taria in North- Eastern Australia. Journal of Ecology 76:181-191.
Staver, A. C., W. J. Bond, W. D. Stock, S. J. van Rensburg, and M. S. Waldram. 2009. Browsing and
fire interact to suppress tree density in an African savanna. Ecological Applications 19:1909-
1919.
Stein, A., K. Gerstner, and H. Kreft. 2014. Environmental heterogeneity as a universal driver of
species richness across taxa, biomes and spatial scales. Ecology Letters 17:866-880.
Stock, W. D., W. J. Bond, and C. A. D. M. van de Vijver. 2009. Herbivore and nutrient control of lawn
and bunch grass distributions in a southern African savanna. Plant Ecology.
Stoen, O.-G., P. Okullo, T. Eid, and S. Moe. 2013. Termites facilitate and ungulates limit savanna tree
regeneration. Oecologia 172:1085-1093.
Stork, N. E., and P. Eggleton. 1992. Invertebrates as determinants and indicators of soil quality.
American Journal of Alternative Agriculture 7:38-47.
Tayasu, I. 1998. Use of carbon and nitrogen isotope ratios in termite research. Ecological Research
13:377-387.
Taylor, W. A., P. A. Lindsey, and J. D. Skinner. 2002. The feeding ecology of the aardvark (Oryc-
teropus afer). Journal of Arid Environments 50:135-152.
Tracy, B. F., and S. J. McNaughton. 1995. Elemental analysis of mineral lick soils from the Serengeti
National Park, the Konza Prairie and Yellowstone National Park. Ecography 18:91-94.
Traore, S., and M. Lepage. 2008. Effects of controlled livestock grazing and annual prescribed fire on
epigeal termite mounds in a savannah woodland in Burkina Faso. Insectes Sociaux 55:183-189.
Chapter 6142
Traoré, S., R. Nygård, S. Guinko, and M. Lepage. 2008. Impact of Macrotermes termitaria as a
source of heterogeneity on tree diversity and structure in a Sudanian savannah under controlled
grazing and annual prescribed fire (Burkina Faso). Forest Ecology and Management 255:2337-
2346.
Traore, S., M. Tigabu, J. S. Ouedraogo, J. I. Boussim, S. Guinko, and M. G. Lepage. 2008.
Macrotermes mounds as sites for tree regeneration in a Sudanian woodland (Burkina Faso).
Plant Ecology 2008:285-295.
Trollope, W. S. W., L. A. Trollope, H. C. Biggs, D. Pienaar, and A. L. F. Potgieter. 1998. Long-term
changes in the woody vegetation of the Kruger National Park, with special reference to the
effects of elephants and fire. Koedoe 41:103-112.
Turner, M. G. 2005. Landscape Ecology: What Is the State of the Science? Annual Review of Ecology,
Evolution, and Systematics 36:319-344.
Uys, V. 2002. A Guide to the Termite Genera of Southern Africa. Plant Protection Research Institute
Handbook No. 15. Agricultural Research Council, Pretoria, Republic of South Africa.
Valeix, M., H. Fritz, R. Sabatier, F. Murindagomo, D. Cumming, and P. Duncan. 2011. Elephant-
induced structural changes in the vegetation and habitat selection by large herbivores in an
African savanna. Biological Conservation 144:902-912.
Valeix, M., A. J. Loveridge, S. Chamaillé-Jammes, Z. Davidson, F. Murindagomo, H. Fritz, and D. W.
Macdonald. 2009. Behavioral adjustments of African herbivores to predation risk by lions:
spatiotemporal variations influence habitat use. Ecology 90:23-30.
van Aarde, R. J., C. K. Willis, J. D. Skinner, and M. A. Haupt. 1992. Range utilization by the aard-
vark, Orycteropus afer (Pallas, 1766) in the Karoo, South Africa. Journal of Arid Environments
22:387-394.
van der Plas, F., R. Howison, J. Reinders, W. Fokkema, and H. Olff. 2013a. Functional traits of trees
on and off termite mounds: understanding the origin of biotically-driven heterogeneity in
savannas. Journal of vegetation science 24:227-238.
van der Plas, F., and H. Olff. 2014. Mesoherbivores affect grasshopper communities in a megaherbi-
vore-dominated South African savannah. Oecologia:1-11.
van der Plas, F., P. Zeinstra, M. Veldhuis, R. Fokkema, E. Tielens, R. Howison, and H. Olff. 2013b.
Responses of savanna lawn and bunch grasses to water limitation. Plant Ecology 214:1157-
1168.
Van Oudtshoorn, F. 1992. Guide to Grasses of Southern Africa. Briza Publicatios, Pretoria, RSA.
Vaughan-Kirby, F. 1916. Game and Game preservation in Zululand. South African Journal of Science
13:375-396.
Veblen, K. E. 2012. Savanna glade hotspots: Plant community development and synergy with large
herbivores. Journal of Arid Environments 78:119-127.
Veldhuis, M. P., R. A. Howison, R. W. Fokkema, E. Tielens, and H. Olff. in review. A novel mechanism
for grazing lawn formation: large herbivore-induced modification of the plant-soil water
balance.
Verweij, R. J. T., J. Verrelst, P. Loth, I. M. A. Heitkonig, and A. M. H. Brunsting. 2006. Grazing lawns
contribute to the subsistence of mesoherbivores on dystrophic savannas. Oikos 114:108-116.
Vesey-Fitzgerald, D. F. 1960. Grazing succession among East African game animals. Journal of
Mammalogy 41:161-172.
Waal, C., A. Kool, S. Meijer, E. Kohi, I. A. Heitkonig, W. Boer, F. Langevelde, R. Grant, M. S. Peel, R.
Slotow, H. Knegt, H. T. Prins, and H. Kroon. Large herbivores may alter vegetation structure of
semi-arid savannas through soil nutrient mediation. Oecologia 165:1095-1107.
Waldram, M., W. Bond, and W. Stock. 2008. Ecological Engineering by a Mega-Grazer: White Rhino
Impacts on a South African Savanna. Ecosystems 11:101-112.
Walker, B. H., R. H. Emslie, R. N. Owen-Smith, and R. J. Scholes. 1987. To Cull or Not to Cull:
Lessons from a Southern African Drought. Journal of Applied Ecology 24:381-401.
Walker, B. H., and J. L. Langridge. 1997. Predicting savanna vegetation structure on the basis of
plant available moisture (PAM) and plant available nutrients (PAN): a case study from Australia.
Journal of biogeography 24:813-825.
Synthesis 143
Ward, D., K. Wiegand, and S. Getzin. 2013. Walter's two-layer hypothesis revisited: back to the
roots! Oecologia 172:617-630.
Watson, J. P. 1967. A termite mound in an Iron Age burial ground in Rhodesia. The Journal of
Ecology:663-669.
Whateley, A., and R. N. Porter. 1983. The woody vegetation communities of the Hluhluwe-Corridor-
Umfolozi Game Reserve Complex. Bothalia 14:745-758.
White, A. M., R. R. Swaisgood, and N. Czekala. 2007. Ranging patterns in white rhinoceros (Cera-
totherium simum simum): Implications for mating stratergies. in press.
Wiens, J. A. 1989. Spatial scaling in ecology. Functional Ecology 3:385-397.
Wood, T. G. 1988. Termites and the Soil Environment. Biology and Fertility of Soils 6:228-236.
Wood, T. G., W. Sands, and M. V. Brian. 1978. The role of termites in ecosystems. Pages 245-292 in
Production ecology of ants and termites. Cambridge University Press.
Wu, J. G., and O. L. Loucks. 1995. From balance of nature to hierarchical patch dynamics: A para-
digm shift in ecology. Quarterly Review of Biology 70:439-466.
Yamada, A., T. Inoue, D. Wiwatwitaya, and M. Ohkuma. 2007. A New Concept of the Feeding Group
Composition of Termites (isoptera) in Tropical Ecosystems: Carbon Source Competitions Among
Fungus-Growing Termites, Soil-Feeding Termites, Litter-Layer Microbes and Fire. Sociobiology
50.
Yamada, A., T. Inoue, D. Wiwatwitaya, M. Ohkuma, T. Kudo, T. Abe, and A. Sugimoto. 2005. Carbon
mineralization by termites in tropical forests, with emphasis on fungus combs. Ecological
Research 20:453-460.
Yoda, K., and M. Nishioka. 1982. Soil respiration in dry and wet seasons in a tropical dry-evergreen
forest in Sakaerat, NE [north east] Thailand. Japanese Journal of Ecology 32.
Young, T. P., B. D. Okello, D. Kinyua, and T. M. Palmer. 1997. KLEE: A long-term multi-species herbi-
vore exclusion experiment in Laikipia, Kenya. African Journal of Range and Forage Science
1997; 14 (3) 94-102.
Young, T. P., N. Patridge, and A. Macrae. 1995. Long-Term Glades in Acacia Bushland and Their
Edge Effects in Laikipia, Kenya. Ecological Applications 5:97-108.
Zuur, A., E. N. Ieno, N. Walker, A. A. Saveliev, and G. M. Smith. 2009. Mixed effects models and
extensions in ecology with R. Springer.

Summary
Mesic savannas are defined by a heterogeneous mix of different vegetation structural
types. The cause and maintenance of this heterogeneity has been attributed to a number
of different, but interlinked, drivers across a range of scales. These drivers can broadly be
grouped into either abiotic factors that influence plant abiotic stress and resource avail-
ability, versus biotic factors that create disturbances or influence plant competitive interac-
tions. It has been widely assumed that abiotic factors create large scale templates within
which biotic factors drive smaller scale pattern (thus a spatial and causal hierarchy from
abiotic to biotic factors in driving vegetation structure), but this is rarely explicitly tested. 
The aim of this thesis was to describe, and explain, vegetation structural heterogeneity
across a range of scales, from 1 m2 to 0.25 km2 in Hluhluwe iMfolozi Park (HiP), South
Africa. The particular focus was on the effect of 2 groups of biotic drivers of vegetation
heterogeneity, termites and rhino, against variation in background abiotic drivers. Both
termites and rhino have been described as ecosystem engineers. The effects of termite
mounds have been well documented elsewhere, but rarely have direct comparisons been
made of mounds built by multiple different genera in a single study. Unlike termites, the
effects of rhino have often been referred to as important, especially as creators of hetero-
geneity, but little research has been done to support these claims. This thesis documents
the density of rhino features (such as middens, wallows, paths, etc.) and their effects on
the surrounding vegetation. An additional, and unique, feature of this thesis is the direct
comparison between the rhino and termites; mega- versus micro- herbivores.
At the largest scales we found that biotic and abiotic factors were equally important in
explaining the distribution of the different vegetation structural types across scales. Rain-
fall and rhino features did not feature as strong predictors of any of the vegetation struc-
tural types, contrary to expectation from the general literature, where both feature as key
factors in structuring savanna ecosystems. In our study the presence of termite mounds,
specifically Macrotermes mounds, was the strongest single preditor of vegetation struc-
ture, with additional important effects of fire frequency. At more local scales, both termite
mounds and rhino created features had significant effects on the vegetation in close prox-
imity to them. The spatial extent of effects varied from 2–5 m from the features. The
spatial extent of the effects was least pronounced for the smallest and most predated
feature, Trinervitermes mounds. The other features affected similar areas per feature.
However, the comparatively low densities at which Odontotermes mounds and rhino
middens occur, even in an area with one of the highest rhino densities in the world, means
that Macrotermes mounds were by far the most important of these features in shaping the
savanna vegetation landscape.  
Since termite mounds have been found as important features in creating and main-
taining vegetation heterogeneity we then looked at a possible mechanism through which
they create such effects; erosion of soil from above ground mounds to the surrounding soil
surface. This may alter the nutrient status of the surrounding soils and thereby influence
vegetation heterogeneity through altered plant-plant, and plant-herbivore, interactions.
Although Trinervitermes mound soils had the largest impact on vegetation in a greenhouse
bioassay, we found that in the field, Macrotermes mounds had the largest impact on
surrounding vegetation. By linking the different nutrient availability of the mounds, we
conclude that the type of mound plays a crucial role in determining the nature of the effects.
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In the final data chapter we examine the interactive effects of rainfall, vegetation struc-
ture, large herbivore presence, and soil physical factors on termite activity. We found that
termite activity declined with increasing rainfall and grass height and in the presence of
large herbivores. Our results suggest that increased rainfall acts on termite abundance
across large spatial and temporal scales, while vegetation biomass influences termite
activity on smaller temporal and spatial scales. We suggest that conditions that stimulate
microbial decomposition have a negative effect on termite activity. This may be interpreted
as increased competition for food resources between termites and free living microbes.
Therefore, the impacts of termites on nutrient cycling seem most pronounced when abiotic
and biotic conditions limit decomposition by free living microbes.
In this thesis we have shown that termites are as, if not more, important for generating
vegetation heterogeneity as other, larger animals, and processes such as fire and rainfall.
However, we suggest that their effects maybe mediated, at still smaller scales, by free
living microbes. Re-wilding efforts for general conservation purposes, especially in areas of
limited size would do well to encourage healthy termite populations and the development
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